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Candidate for Degree of Doctor of Philosophy
This work analyzes the design and implementation of waveguides used to measure stress
waves in solid mechanics via explicit finite element analysis and experimentation. Many areas of
physics use waveguides where control of timing, location, or frequency of waves is imperative to
functionality of a system. Split Hopkinson pressure bars (Kolsky bars) traditionally utilize
straight waveguides during testing. Prior research produced the first bent wave guide for use in
such an application, the coaxially embedded serpentine bar (CESB). Explicit finite element
analysis (FEA) provides a modeling approach to understand the effects of pass and joint
geometry and boundary conditions on the functionality of solid-mechanic waveguides like the
CESB. FEA and experimentation also contrasts the functionality of welded joints and threaded
joints. Novel waveguide designs that do not feature tubes are also detailed for use in dynamic
mechanical testing and dynamic hardness indentation experiments. These designs feature
acoustic lengths up to two orders of magnitude greater than their physical lengths.
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CHAPTER I
INTRODUCTION
1.1

Introduction to Waves in Solid Mechanics
Waves of all varieties produce and are produced in many events that occur in everyday

life. Light waves allow us to see. Sound waves allow us to hear. Electromagnetic waves allow us
to power our homes. Waves also change in dimensionality whether they are planar, linear, or
radial waves. In a general sense, a wave is a packet of energy transferred by an equilibrium
potential gradient in media. countless researchers have studied and modeled the physics and
mechanics behind waves and their transmission. Maxwell introduced his mathematical
description of electronic waves which has since been termed the Maxwell equations [1]. His
work was followed by Heaviside who studied the physical properties of transmission of
electricity through transmission lines [2]. Heaviside also began to study the resistance of electric
flow through a medium. This property is known as impedance. Shortly after, Hertz
experimentally showed how electricity moves as a wave [3]. Around this time, Rayleigh
published the second volume of The Theory of Sound which discussed sound as a wave and
analyzed the equations of waves moving through a fluid [4]. Rayleigh also spent time studying
the works of Darwin who studied how harmonic forces created stress waves when he studied the
cause of tides in the ocean [5]. While studying these penetrative stress waves, Rayleigh observed
that stress waves also existed on the surface of bodies [6].
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In 1872, John Hopkinson began to experimentally show the effect that stress waves have
on mechanical failure with his iron wire experiment [7]. In this experiment, Hopkinson clamped
an iron wire at one end, and impacted the free end with a weight. What he observed was that the
force required to break the wire near the impact should be twice that of the force required to
break the wire near the clamp. This factor of two came from a stress wave reflecting off of a
clamped end having the same magnitude and sign and this reflected wave overlapping with the
initial wave causing a state of higher stress while the waves are occupying the same space. This
work on measuring stress waves was continued by John Hopkinson’s son Bertram when he
created his test fixture to conducting similar wire impact testing [8]. Figure 1.1 shows the test
setup he used. In these experiments, B. Hopkinson began to explore how the results from these
stress wave experiments could be used to better understand the material properties of the wire.

2

Figure 1.1

Bertram Hopkinson wire experiment setup.

Schematic of Bertram Hopkinson’s wire experiment setup which further studied the effect of
impact loading and stress waves on failure. Taken from [8].

This curiosity drove B. Hopkinson to create a new means of experimentally observing
these stress waves. In 1913, B. Hopkinson presented work on studying the energy within stress
waves [9]. These experiments used a fired bullet or an explosive to generate a stress wave that
passed through a metallic rod which had a momentum gathering piece at the opposite end. This
last piece was set touching the rod and was projected off of the rod once the stress wave entered
it. The piece would then hit a momentum measuring pendulum where the energy within the piece
could be quantified and compared to the energy from within the bullet prior to contact with the
3

rod. This study experimentally showed how quantities such as wave length and impedance could
be qualitatively measured by observing the amount of energy being transferred through the rod.
Furthermore, these experiments provided a means of quantifying the magnitude of stress waves
within rods. Figure 1.2 shows a schematic of B. Hopkinson’s experimental set up.

Figure 1.2

Bertram Hopkinson’s experimental setup for measuring stress waves.

Schematic of B. Hopkinson’s explosive experimental setup where he was able to quantify the
magnitude of stress waves induced from a bullet impact. Taken from [9]
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The findings of B. Hopkinson spurned a more thorough investigation in both
experimental methods of generating and measuring stress waves and analytical methods of
quantifying the results from said experiments. Later in the 1940s, multiple researchers began
publishing on these areas. In 1948, Volterra designed a machine that replaced the bullet from B.
Hopkinson’s experiment with another rod that was fired via an electromagnet. This setup still
implemented the ballistic pendulum method of measuring the resulting stress waves, but this new
setup allowed from more energy transferal from the impacting mass to the first impacted bar by
matching their impedances [10]. Figure 1.3 shows the setup that Volterra used.

Figure 1.3

Volterra’s experimental setup for measuring stress waves.

Schematic of Volterra’s experimental setup which began to quantify dynamic mechanical
properties. Taken from [10].

5

Soon after Volterra published his work, Kolsky came out with a similar system that
utilized electronic systems to record the stress-time history as the stress waves passed through
the rods [11]. In this setup, Kolsky replaced the ballistic pendulums inherent to the designs of B.
Hopkinson and Volterra with collars that kept the bars aligned. Like Volterra, Kolsky also used
an impedance-matched for the impact on the free end of the impacted rod. Figure 1.4 shows a
schematic for the setup used by Kolsky. As the field of stress wave experimentation grew, more
research began to focus on stress wave propagation through these long rods. Kolsky and Davies
along with others published at great length on this topic [12]–[17].

Figure 1.4

Kolsky’s experimental setup for acquiring mechanical properties of materials.

Schematic of Kolsky’s experimental setup which utilized stress waves to obtain the dynamic
mechanical response of a material. Taken from [11].
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1.2

Stress Waveguides in Solid Mechanics
Research to this point had thoroughly studied the wave propagation of stress waves

through rods in these solid-mechanical systems and the like. The geometry of the rods used in
these systems also has shown the ability to assume one-dimensionality for wave propagation. All
of these solid rods used by Hopkinson, Kolsky, Volterra, and others became used as stress-wave
waveguides. For the sake of this work, a waveguide is a bounded medium that is used to transmit
a wave. In optics, a fiber optic cable takes a light wave and transmits it to a second location with
high efficiency. In electronics, a wire transmits a flow of electrons from a source to some load. In
electromagnetic signals, an antenna transmits radio waves.
In each of the experiments described up to this point, a wire or rod is used to transmit a
stress wave. In the original works by Hopkinson, the iron wire transmitted the stress generated
by the falling weight to the clamped end of the wire and then back to the weight source. In B.
Hopkinson’s experiment, the rod transmitted the stress generated from the energy of the bullet
into the ballistic piece at the opposite end of the rod. Likewise, in the experiments of Volterra
and Kolsky, the impacted rod transmitted the energy from the fired rod through a test specimen
and into a third rod.
Today, split Hopkinson pressure bars (SHPB) or Kolsky bars are used to generate
mechanical data at high strain rates. The overall design of these systems has not varied far from
that of Kolsky in the 1940s. These systems typically feature three bars of the same material that
all have equal cross-sections. The impacting bar is typically called the striker bar, and is usually
fired from a pneumatic system. The length of the striker bar sets the time duration of the loading
wave, and the speed of the striker bar sets the magnitude of this loading. The bar that the striker
bar impacts is called the incident bar. this bar is usually at least four times the length of the
7

striker bar and has a strain gage measuring axial stress at its center. The specimen is then placed
between the incident bar and the transmission bar, which is the final bar in the SHPB system.
The transmission bar is at least twice the length of the striker bar, and it has a strain gage near the
specimen also measuring axial stress. Figure 1.5 shows a schematic of a SHPB system for the
reader’s reference. For further information on SHPB testing today, there are review articles and
books that give a more in-depth discussion on this [18], [19].

Figure 1.5

General split Hopkinson pressure bar schematic.

Schematic of a typical split Hopkinson pressure bar used in research today to obtain dynamic
mechanical data.

As these SHPB systems were continually used to obtain mechanical data, researchers
began to see differences in stress-strain relationships depending on the duration of the test. This
strain rate dependency on quantities such as yield strength, ductility, and toughness has led many
researchers to find ways to obtain mechanical data continuously across all strain rates. Currently,
quasi-static tests (10-5 – 10-1 /s) are possible using universal testing machines which do not
account for stress wave propagation. High strain rate tests (103 /s) are possible using the
Hopkinson and Kolsky methods. Acquiring mechanical data in the gap between these two
regimes (the intermediate strain rate regime) was quickly realized to be a challenge. Within this
8

regime, the wave phenomena could not be ignored or assumed to be negligible, but the waves
intrinsic to this regime are also orders of magnitude longer than those in the high strain rate
regime. These longer waves required longer bars. The speed of the fired striker bar determines
the maximum strain rate of the test, and the length of the striker bar sets the time that the strain
rate is applied. These two parameters together determine the total displacement (and for a given
specimen length, the total strain) possible in a system. As the desired strain rates decreased and
the desired amount of displacement stayed constant, the loading duration had to be increased
which increased the length of all the bars in a SHPB system to tens or even hundreds of meters.
Figure 1.6 shows two examples of how long researchers have built these systems. The first
system was built in Italy and has a total length of over 200 meters [20]. This system is used to
generate loading profiles similar to those in automotive accidents. The second system was built
at the Ohio State University and is over 40 meter in length [21]. Having systems this long causes
the capital cost to have one of these systems on the order of millions of dollars, which is not
feasible for many laboratories.
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Figure 1.6

Long split Hopkinson pressure bars.

Two examples of long split Hopkinson pressure bars that are (a) over 200 m and (b) over 30 m in
length. Taken from [21], [22].

1.3

Compact waveguides in Solid Mechanics
Many areas of physics have created technologies for controlling the timing, location, and

boundary interactions of waves. These waveguides have also been manipulated to better fit into
smaller volumes creating a new category of waveguides, compact waveguides. Figure 1.7 shows
a few examples of these compact waveguides. Fields such as electro-mechanics [35, 36],
acoustics [37], optics [38], and electronics [39, 40] have all found use in compact waveguides in
their designs. Since many different types of waves are governed by the same principles and
equations, when considering the design for the novel compact waveguide in solid-mechanics, it
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would be useful to implement similar geometric designs and considerations from prior compact
waveguides.

Figure 1.7

Compact waveguides in different fields.

Compact waveguides used in different fields. a) MIMO antenna in electromechanics (taken from
[36]). b) Microwave resonator in optics (taken from [38]). c) Low pass filter using microstrip
meander line in electronics (taken from [40]). d) Folded horn load speaker in sound. e)
Serpentine transmission bar in solid mechanics (taken from [33]).

Recently, serpentine Hopkinson transmission bars have been utilized in the Hopkinson
technique to address system size for intermediate strain rate testing [33, 34]. This serpentine bar
11

features a series of impedance-matched, concentric tubes welded in such a way that a stress wave
passes from one tube to the next without creating a reflected wave. While other longer
Hopkinson bars have had significant cost and size limitations (up to 200m in length) [30, 31],
serpentine waveguides have shown the same ability to monitor load data (specimen stress) as the
long transmission bars but in a compact form [33, 34]. This reduction of length can be quantified
via a compact form factor which relates the physical length of the serpentine waveguide to the
length of a solid bar that has the same acoustic length. Whittington et al presented a serpentine
waveguide with two passes whose first two pass lengths were 1.5m and 1m respectively. This
serpentine waveguide design has a form factor of 1.67 since its physical length is 1.5m and its
acoustic length is 2.5m.
This rest of this work is organized in the following fashion. Chapter 2 further studies the
geometry and joining methods in the serpentine bar design and provides recommendations for
the design and fabrication of the such. Chapter 3 investigates the implementation of a serpentine
striker bar within a SHPB system to acquire the mechanical response of ZEK100 magnesium
alloy. The functionality of the serpentine striker bar is also compared to a straight striker bar of
the same length. Chapter 4 describes a new compact stress waveguide called “the millipede bar.”
This millipede bar design can increase the effective length of a waveguide to be hundreds of
times longer than its physical length. Chapter 5 summarizes the previous chapters’ works and
provides commentary and preliminary work for future areas of research in the field of compact
waveguides in solid mechanics.
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CHAPTER II
DESIGN CONSIDERATIONS FOR JOINING TUBULAR MEMBERS SUBJECTED TO
IMPACT LOADING
2.1

Introduction
Joining of tubular members (structural tubes and pipes) is a ubiquitous task used in

applications across multiple industries, such as oil and gas, construction, heavy equipment,
shipbuilding, etc. [23]–[33]. Many of these networks experience impact scenarios such as water
hammer in piping networks [26]–[28], impact loading in structural tubing [29]–[31], and sudden
power fluctuations in hollow shafts [32], [33]. Studies of these types of phenomena have
analyzed the corresponding loading exerted on the tube or rod networks in order to predict
failures in these members whether they are impacting or impacted [28], [29], [31], [33]–[35].
While rule-of-thumb factor of safety quantities have been used in several industries for threads
and joints subjected to loads, these factors are rarely accurate depictions of the actual
performance of joints in impact scenarios; often they fail to predict performance using well
accepted structural quantities during impact, such as mechanical impedance, stiffness, and wave
speed [36]–[38].
Recently, A specific type of tubular network that has received considerable methodical
attention in impact has been Hopkinson Bars [18]. In these systems, repeated axial impacts are
utilized to provide measurement of material deformation for mechanical property determination.
Several designs involving tubular networks both provide impact to the system and must resist
13

being impacted by the system, depending on the type of impact occurring. The design of such
systems may require several joined tubes and rods which have taken different approaches,
depending on application. Figure 2.1 shows some examples of such systems.

Figure 2.1

Examples of current waveguide technologies used in Hopkinson bar testing.

Tension Hopkinson Bar using solid striker and transfer tube taken from [39], Tube Hopkinson
Bar for low impedance materials taken from [40], Compact Serpentine Hopkinson Bar taken
from [41].

These measurement systems shown in Figure 2.1 require high precision dynamic wave
measurements; thus, they require strict tolerances in their dynamic response to impact loading.
As such, different designs have incorporated different strategies to join the members all with
general success. The tension Hopkinson bar with the solid striker features a threaded member
14

through which the compressive forces in the striker are transferred to tensile forces in the
surrounding tube [39]. Similarly, in the Serpentine bar, welded joints transferred compressive
forces to tensile forces and then back to compressive forces [41]. Some Hopkinson bar systems
utilize special threaded clamps to join a series of rods together to bypass long-rod, high-tolerance
machining [42]. These threaded clamps transfer loads without changing directionality of the
forces. In one study different joint strategies were investigated and showed varying performance
[43]. In all of these studies, joining methodology showed varying performance, but no
correlation to design constraints was given other than whether a joint design was acceptable or
not for each given scenario.
This paper discusses the challenges and opportunities of joint design for stress wave
propagation and dynamic response of tubular networks specifically for threaded and welded
joints. While there are many different stress states in rods and tubes: water hammer causes hoop
stress traveling axially [44], structural impacts cause bending stresses [45], and rotating shafts
experience torsional loading [33], this work serves as a first look at the axial case that is
prevalent in Hopkinson Bar machines. It is expected that the finding herein will serve research in
other impact loading scenarios.
2.2

Design considerations for stress wave transmission
Impact loading in long tubular members have shown to follow typical elastic stress wave

propagation theories that have been developed over the past century [11], [46], [47]. When
transferring stress from one member to another, the relative impedance has shown profound
effects on the stress level in each member and its ability to sustain sudden impact loading [7],
[9]. When designing systems for optimum stress wave transmission, the generalized wave
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impedance equation provides a relationship that governs how the energy of a wave is affected at
a boundary. The generalized wave impedance of a long member in the axial direction is given by

𝑍 = 𝜌𝑐𝐴
(2.1)
Here, 𝜌 is the density of the material, 𝑐 is the wave speed of the material, and 𝐴 is the
cross-sectional area of the member orthogonal to the wave propagation direction. At a given
boundary, the ratio of the generalized wave impedances can be defined as

𝜙=

𝜌1 𝑐1 𝐴1
𝜌2 𝑐2 𝐴2

(2.2)

The amplitude of the reflected wave 𝑇𝑟 and transmitted wave 𝑇𝑡 relative to the original or
incident wave 𝑇𝑖 is then given by
𝑇𝑟 1 − 𝜙
=
𝑇𝑖 1 + 𝜙

𝑇𝑡
2
=
𝑇𝑖 1 + 𝜙

(2.3)

The amplitude of the reflected wave is zero if the generalized wave impedances on either
side of the boundary are equal, and in this case, the amplitude of the transmitted wave would
equal the amplitude of the incident wave. The subsequent result from a design consideration in
concentric rod-and-tube networks like the serpentine transmission bar is the area must remain
uniform if the material is uniform in all members. In the special case of a serpentine bar, uniform
area across all passes results in a lower of wall thickness of each member due to the growing
outside diameters of each subsequent member. Nevertheless, in the transition from one pass to
the next, the joint itself has shown a characteristic wave impedance that can create a reflection
16

[41]. This characteristic impedance has been deduced to arise from the complex stress state and
nonuniform effective cross-sectional area that is geometrically formulated in the joint design.

Explicit finite element methods utilize computational techniques that capture these
impedance-based relations as well as other stress-wave-based phenomena; therefore, this work
will utilize Abaqus explicit software to analyze the dynamic impact event. Figure 2.2 shows an
axi-symmetric serpentine bar design being impacted by a 150mm striker bar.

Figure 2.2

Serpentine waveguide schematic for use in explicit finite element simulation.

Axi-symmetric schematic of serpentine waveguide geometry setup modeled in finite elements.
The second pass is shown of finite length, but in simulations it has a length sufficiently long that
the stress wave of interest does not return due to reflection from the end.

The striker bar impacts the end of the 200mm long first pass. The second pass has an
inner and outer diameter such that its cross-sectional area is equal to that of the first pass. For the
finite element simulations, the length of the second pass is sufficiently long that the boundary
conditions at its end are insignificant to the observed stress wave generated from the striker bar.
The joint between the two passes is assumed to be a solid, continuous weld of the same material
17

as the passes. The size and shape of the joint are varied to understand their role in impedance
matching. This set up is modeled in Abaqus explicit and meshed using linear, hexagonal
elements with reduced integration points (C3D8R in Abaqus). In order to simulate radial support
typically provided by external bearings, radial expansion is restricted by roller boundary
conditions. Figure 2.3 shows the 2D axi-symmetric, explicit finite element results for four
different joint designs compared to a straight bar. The stress-time history is generated by a stressmonitoring element located 100mm from the impact end of the serpentine waveguide. Figure 2.2
shows this location as well.

Figure 2.3

Finite element results from explicit finite element simulation on serpentine
waveguide.

Effect of varying joint size and geometry on the stress time history of stress-monitoring element
located 100mm from the impact surface and the joint in the serpentine waveguides.
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All of the joint designs show differences from the straight waveguide, but some are
within the uncertainty of the numerical solution. The deviation of the wave plots begins around
0.055ms. This is the time it takes for the stress wave from the impact to travel through the strain
gauge, reach the joint where some of its energy is reflected back due to the impedance mismatch
between the joint and the first pass, and the reflected stress wave crosses the strain gauge again.
The reflected wave from the joint changes the stress from being above the straight bar
response when the gap is 0.25mm to below when the gap is increased to 1.5mm. Therefore,
according to the impedance relationships, by increasing the gap between two passes, the
characteristic impedance of the joint is reduced. Likewise, if the joint's geometry is changed from
a square end to a round end or if the joint thickness is lowered, the characteristic impedance of
the joint is reduced, which is signified by the stress wave decreasing in amplitude as well. Both
shrinking the thickness and changing the shape are subtracting mass from the joint, so more
generally, as mass is taken away from the joint, its characteristic impedance of the welded joint
is reduced.
Using the simulations as a guide, a serpentine bar is fabricated and tested to see how well
its joints function at transmitting stress waves generated from a striker bar in a Hopkinson bar
system. Figure 2.4 shows the fabricated serpentine bar. It is constructed from 350 maraging steel.
It has a solid 13mm (0.5in) diameter rod 3.65m (12ft) in length followed by two cylindrical tubes
3.35m (11ft) in length of the same impedance as the rod. The serpentine bar is 3.65m (12ft) in
length but has an acoustic length of 10.65m (34ft). The larger cylinder has an outer diameter of
36.6mm (1.45in). Each of the two gaps in the serpentine bar is 2mm. The two joints are gas
tungsten arc welded to create a continuous, uniform contact between the two passes with a
penetration depth close to the thickness of the thinner of the two passes being joined. Figure 2.5
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shows the stress wave measured by a strain gage on the first pass of the serpentine bar after it
was impacted by a striker bar of diameter 13mm.

Figure 2.4

Prototype of serpentine waveguide used as a transmission bar.

(a) Serpentine waveguide prototype shown installed in a split Hopkinson bar experimentation
setup. (b) Welded joint between first two passes of the waveguide and end of third pass. (c)
Schematic showing the dimensions of the prototype.
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Figure 2.5

Experimental results of serpentine waveguide as a transmission bar.

Comparison between finite element simulation and experiment of a serpentine transmitted
waveguide at measuring an impulse wave generated by a striker bar. (a) Full wave pulse showing
minor reflections from the two joints and major reflection from the free end. (b) Initial square
wave impulse comparison.

The experiment showed relatively low impedance mismatch between each of the passes
and the joints. The experiment and the corresponding explicit finite element simulation also
showed good agreement with each other. The experiment validated the positive findings of the
simulation regarding the design of the joints. The simulation did not properly account for
dispersion or damping within the material used. The dispersion difference is most noticeable
comparing the shape of the reflected wave from the free end of the serpentine bar, but it is also
seen in the reflections from the two joints. The simulation shows sharper rises and falls than the
experiment. The reflection from the end of the bar in the simulation has a magnitude more
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closely related to the initial square wave; whereas the experiment shows a shorter and wider
returning wave.
2.3

Threaded Joint Study
While welding is a typical choice in the manufacturing of serpentine bars, several tubular

joining processes utilize threading due to the simplicity of fabrication. Threads allow for tighter
tolerances on the depth of the joint and produce a joint that has the wrought properties of the
adjacent material without any heat treatment. One problem with threaded joints lies in the fact
that there is not a uniform contact between the two sets of mated threads [48]–[51]. This leads to
separation between the threaded surfaces where a stress wave cannot pass through. Modeling this
non-uniform behavior would include many eccentricities that could be calibrated to a single set
of threads. Instead of attempting to model this nonuniformity, this work presents two models:
one with a large uniform separation between the threaded surfaces and one that assumes full
contact between the two threaded surfaces. These two models are used to understand how
strongly the uniformity of contact between threads affects the characteristic impedance of a
threaded joint in dynamic impact phenomena. Within Abaqus explicit, two serpentine
waveguides are modeled that have a similar layout as the previously analyzed serpentine
waveguide shown in Fig 2.2. The first has no separation in the threads, and the second has a
uniform separation of 0.025mm between the threaded surfaces. The separation is created by
taking 0.0125mm off of the contacting surfaces of the threads. Figure 2.6 shows the quality of
mesh used in the threads of these models. Each serpentine waveguide has twelve threads in the
joint with a pitch of 0.8mm (32 /in). The threaded surfaces were assigned a hard contact normal
relation and a penalty friction tangential relation with a constant coefficient of 0.3.
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Figure 2.6

Mesh quality of thread interface of threaded serpentine waveguide.

Quality of mesh between the mating threads in the explicit finite element simulation.

Figure 2.7 shows the results of two finite element simulations comparing the two
waveguides with and without the thread separation. The threaded joint with no separation acts as
a higher impedance boundary; in contrast, the joint with a separation acts as a lower impedance
boundary. A network of tubular members fabricated with threaded joints needs to have a way to
minimize and regulate the separation between the threads in order to have repeatable
functionality from one waveguide to another.
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Figure 2.7

Finite element results showing effect of gap between threads.

(a) Finite element results showing the stress time history of the measured stress wave in two
serpentine waveguides. (b) One waveguide has a uniform separation of 0.025mm between the
mating threads of a threaded serpentine waveguide, while (c) the other has no separation.

A brief study on the effect of thread pitch shows varying the pitch of the threads used
does not have a large effect on the joints characteristic impedance. Figure 2.8 shows finite
element results comparing two pitches of threads where two additional serpentine waveguides
with a pitch of 1.6mm (16 /in) were simulated in the same manner as before. Each pitch is tested
with and without separation in the threads. The different pitches did not show a noticeable
difference in their characteristic impedance with or without separation. Therefore, more focus
should be placed in the tolerances of the threads to maximize uniform contact as opposed to the
pitch of the threads in order to better design for impact loading.
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Figure 2.8

Effect of pitch and gap on performance of threaded serpentine waveguide.

Finite element stress wave response of four different serpentine waveguides. The four plots show
two thread pitches each with and without a gap between the threaded surfaces.

Based on the aforementioned study on joint thickness, lowering the length of threaded
sections or simply the number of threads should lower the characteristic impedance of the joint.
Figure 2.9 shows the effect lowering the number of threads with no separation has on the
functionality of the waveguide shown in Fig 2.3. As the number of threads decreases, the
characteristic impedance of the joint decreases until it is lower than that of the first pass. This
effect mirrors the findings on how lowering the joint thickness lowers the characteristic
impedance of a welded joint.
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Figure 2.9

Effect of number of threads on performance of threaded serpentine waveguide.

Finite element stress wave response of threaded serpentine waveguides showing the effect of
number of threads has on the characteristic impedance of the joint. The number of threads acts
similarly to the solid joint thickness.

A new serpentine bar with threaded joints is then fabricated using the simulations on
threaded joints as a guide. This serpentine bar is used to simulate tube networks that impact other
members, so this serpentine bar is used in place of the striker bar in the Hopkinson bar setup.
Figure 2.10 shows the fabricated serpentine striker bar. The serpentine striker has an overall
length of 460mm (18in) and an acoustic length of 1280mm (50in). The serpentine striker has an
impact surface with a diameter of 19mm (0.75in). Its first joint has a 9.5mm (0.375in) section of
12 threads, and the second joint has an 8.0mm (0.313in) section of 10 threads.
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Figure 2.10

Threaded serpentine waveguide striker prototype.

Threaded serpentine striker waveguide prototype design with a physical length of 460mm (18in)
and an acoustic length of 1280mm (50in).

In the experiment, an incident bar with a strain gauge is used to measure the impulse
wave from the fired serpentine striker. Figure 2.11 shows the impulse response from the
experiment and compares it to finite element simulation of the experiment for further validation.
The experiment and simulation show good agreement in the shape of the wave.
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Figure 2.11

Experimental results of serpentine waveguide as a striker bar.

Comparison of created square wave between experimental and finite element simulation results
of the serpentine striker waveguide prototype in a split Hokinson bar system.
2.4

Conclusions and Recommendations
This paper presents a brief study in joint design with special interest in the effect of

geometry on impact performance of tubular networks, consisting of either structural tubes or
pipes used in series. This work focused on joint performance in a specific tubular network that
experiences axial loading: the serpentine bar. Explicit finite element analysis proved to be a good
predictor of stress wave propagation in continuous media such as welded joints. Additional
efforts are needed when modeling threads in finite elements due to the nonuniform contact
between the mating surfaces. By utilizing explicit finite element simulations and
experimentation, the geometric parameters of the joint such as size, depth, thread count, gap size,
and contact uniformity had significant effects on the stress wave propagation through the tubular
network. In some cases, the maximum stress in the adjacent members was higher because of the
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joint. The joints of a tubular network could be made from either weld or threads, but each
method presents its own set of challenges.

Based off of these conclusions, when designing tubular networks with joints, the
following are general recommendations to prevent excess stresses within the network:
1.

If the tubes are concentric, the gaps between passes should be as small as
possible.

2.

The thickness of the joints should be between the thicknesses of the neighboring
passes.

3.

Tolerances of welded joints should be focused on penetration depth and overall
mass at the joint, relative to the cross-sectional area of the tubular member. An
iterative welding and/or grinding procedure might be necessary to determine
experimentally the proper joint geometry and size such that the joint is not too
large or too small. Specification of this geometry may require case-by-case
verification.

4.

Tolerances of threaded joints should be minimized to have the most uniform
contact between the mating threads. This could be to such a degree that plastically
deforming the threads during assembly is necessary. Nevertheless, the number of
threads necessary to provide the best load transmission may be determined
experimentally by removing threads until the closest characteristic impedance
match can be made.
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CHAPTER III
IMPROVED LOAD DURATION IN SPLIT HOPKINSON (KOLSKY) BAR TECHNIQUE
USING A SERPENTINE STRIKER
3.1

Introduction
Dynamic mechanical characterization of materials has become a quickly growing field

over the past century with the split Hopkinson (Kolsky) technique being the dominant
methodology of extracting stress strain relations of materials [18], [32], [42], [52]–[60].
Typically, in these tests, described elsewhere [18], [52], the bar system dimensions, striker bar
velocity, and test specimen geometry all determine the actual test parameters (strain rate and
maximum strain level). Indeed, the equations relating these test parameters are well known [18],
[52] and are inherently coupled to the system and test specimen. More particularly in split
Hopkinson Pressure Bar (SHPB) testing, the testing velocity (and associated strain rate) and
loading force are coupled to the striker bar velocity; whereas the loading duration (𝑡0 ), which
corresponds to the maximum strain level (for a given strain rate), is coupled to the striker bar
length (𝐿𝑠 ); the equation for load duration with respect to the wave speed of the bar (𝑐0 ) is shown
to be

𝑡0 =

2𝐿𝑠
𝑐0
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(3.1)

In many SHPB tests, increasing the maximum strain in the specimen is desirable;
therefore, increasing the loading pulse duration is important. Because of this, many laboratories
have elected to utilize long SHPB systems [21], [42], [53], [61], but it is common for laboratories
to have practical limitations where it may not be possible to accommodate to a “long bar”
system. Another way researchers achieve longer pulse duration is by utilizing pulse shapers, but
these have limitations on strain rate consistency and test repeatability. Others use low wave
speed materials in the striker bar, but these have load limitations and issues related to impedance
matching with bars for calibration purposes and energy delivery efficiency.
Recently, a serpentine bar configuration has been utilized to improve the load monitoring
duration in Hopkinson Bar testing via a serpentine transmitted bar [41], [62], [63]. Being that this
bar utilizes conventional elastic metal bars, the mechanical and stress wave properties are typical
of conventional cylindrical bars but with the load monitoring duration of much larger bars. This
study done by Whittington did not investigate the usage of a serpentine bar for the striker bar end
of Hopkinson testing. If this type of bar could be utilized in striker bar design, then longer
duration pulses may be attainable in a shorter system.
Also, many recovery techniques in SHPB testing may require the striker bar to be a very
specific length in order to attain a specific strain level which may need to be adjusted for
recovery and post-mortem analysis [54]. In this technique, different length striker bars are
utilized to provide specific loading pulses, and a momentum trap is utilized to eliminate
successive loads. For a serpentine type striker bar, it may be necessary to add or remove tubes in
order to adjust the effective striker bar length. The prior serpentine bar design has welded joints
and therefore does not have removable tubes. While threaded joints seem like a solution to
removable tubes, there may exist issues regarding stress wave interaction at the joint, as well as
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the strength and durability of such joints. Understanding how the thread geometry affects the
joint performance is paramount to determining the quality of a threaded serpentine striker bar.
This study elects to utilize the serpentine type bar configuration for a striker bar in a
conventional SHPB system. To provide usage in recovery type experiments, we investigate the
effect of threaded joints on the striker bar pulse characteristics. Explicit FEA is utilized to
visualize the stress wave interaction in such a joint and provide more insight into joint
optimization and further development. Conventional SHPB compression tests on ZEK100
magnesium are utilized in this study since magnesium has been the subject of many recovery
SHPB studies due to its unique strain rate dependent plasticity and fracture in compression [32],
[54]–[60].
3.2

Striker Bar Design
The striker bar design presented here has a length of 13in, but it has an impulse duration

of an 813mm (32in.) striker bar at 320μs. Figures 3.1 and 3.2 show the serpentine striker bar
design, and Fig. 3.3 shows how the length of the serpentine striker compares to the length of the
equivalent, solid striker bar. The serpentine striker bar is comprised of five, 7075 aluminum
parts: three concentric passes and two joints. The first pass is a solid rod of diameter 9.525mm
(0.375in). The second and third passes are made such that the cross-sectional area is constant
between passes. The two joints are threaded internally and externally with a pitch of
0.8mm/thread (32/in) 19mm (0.75in) into the passes.
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Figure 3.1

Isometric view of threaded serpentine striker solid model.

Solid model for 13 in striker with pulse length of 32 in.

Figure 3.2

Cross-sectional view of serpentine striker model.

Cross-sectional view of serpentine striker bar components.

Figure 3.3

Length comparison of serpentine striker to solid bar.

Side by side comparison of two striker bars that produce a 320 μs impulse wave. The top is the
new serpentine striker bar design, and the bottom is the traditional solid striker bar design.
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Abaqus explicit software is utilized to test the performance of the threaded joints in the
striker bar with respect to wave propagation. The finite element model for this simulation utilizes
the axisymmetric nature of the striker. This model implements a coefficient of friction of 0.3, and
a “hard” contact between contacting surfaces.
Initially, the threads were assumed to be in contact with each other in the model, but the
results did not relate to the observed experimental data. A gap of 22.5μm (0.885mil) between the
threads changes the resulting impulse wave generated by the serpentine striker to better align
with the observed data. Figure 3.4 shows the mesh of the threads with a gap, and Fig. 3.5 shows
the relations between the two FEA simulations and the observed striker impulse wave.

Figure 3.4

Mesh quality of threaded interface of threaded serpentine striker.

Mesh of the threads between the passes of the joints in the serpentine striker bar.
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Figure 3.5

Comparison of finite element and experimental stress wave produced.

Comparison between simulating threads with a gap versus no gap with experimental data by
observing the resulting impulse wave after impact.

Figure 3.5 shows that by changing the gap between the threads in the serpentine bar, the
actual experimental results can be bounded. This leads the reader to believe that there is specific
gap at which the stress wave reflection from the threaded joints can be driven to a negligible
magnitude. Nevertheless, the finite element model and the experimental design both show a
square stress wave impulse going into the incident bar.
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3.3

Dynamic Compression Experiments
In order to provide a performance demonstration of the serpentine striker bar, high strain

rate experiments were performed on ZEK100 magnesium alloy. ZEK100 has been a subject of
study from several authors regarding deformation characteristics [55] especially regarding strain
rate dependence [56]. Given that magnesium develops texture that evolves during deformation,
recovery (interrupted) testing has been performed on several magnesium alloys [32], [57]–[60];
in high strain rate experimentation, recovery split Hopkinson (Kolsky) Bar testing typically relies
on a momentum trap and a specified striker bar length to control pulse duration.
With the design of the serpentine bar described previously, a pulse duration of 320μs can
be attained. For comparison, a solid striker bar of 813mm (32in) length was made to provide a
conventional test comparison. ZEK100 plate of 1.6mm (0.0625in) thick was garnered and
3.63mm (0.143in) diameter specimens were cut using electrical discharge machining in the thruthickness direction for compression testing. Figure 4.6 shows the compression testing results
comparing two tests from both the serpentine striker and the conventional solid striker.
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Figure 3.6

Stress-strain response of ZEK100 at high rate using serpentine and solid striker.

High strain rate compression testing of ZEK100 at approximately 2000/s with a solid striker bar
and the newly designed serpentine striker bar.

Notice in Fig. 3.6 that the stress strain relations in both striker types are nearly identical.
Slight variations in the stress strain relations from test to test can be attributed to test
repeatability which is a typical challenge in Kolsky Bar testing [52]. It is important to note that
no pulse shaper was utilized in these experiments or any filtering of the data so that the behavior
of the material as expected by traditional analysis can be viewed. For more information on this
processing, the reader can utilize the analysis software for further investigation [64]. To get a
bearing on the ZEK100 behavior at high rate, as compared to already published literature on this
topic [56], quasi-static compression was also performed but on an Instron load frame. Figure 3.7
shows a comparison of strain rate dependence of ZEK100 from the high rate tests previously
shown to the quasistatic test performed.
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Figure 3.7

Stress-strain response of ZEK100 at high and low strain rates.

Quasi-static (10-3/s) and the 2000/s high strain rate (103/s) comparison of ZEK100 in
compression.

In Fig. 3.7 the behavior of ZEK100 is shown to have little strain rate dependence. While
the yielding at low strain rate is smoother than at high rate, it is well known that high strain rate
experiments require ring up time which may have oscillations early in the test [18], [52]. Strain
rate insensitivity has been reported in magnesium when twinning is present and has been shown
to be active in this material [32], [56], [57], [60]. The high strain rate experimental data does
show a softening after approximately 0.15 strain; however, the quasi-static curve shows
continued hardening; one explanation of this could be due to adiabatic heating which has been
known to generate softening at significant strains in metals [65].
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3.4

Conclusions and Future Work
In this study we invested the use of serpentine bars in the role of striker bars in split

Hopkinson pressure bar systems. Explicit FEA results show that the gap between the threads
plays a crucial role in the shape of impulse that the striker bar produces. Compression test results
on ZEK100 show good agreement between the serpentine and traditional striker bar design
which is promising for future use in high-rate testing. In the future this serpentine bar could be
used for compression tests that require increased pulse duration or strain control. An
investigation into its use in tension along with any additional design challenges may be an area
of future investigation.
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CHAPTER IV
TABLETOP MILLIPEDE HOPKINSON BAR FOR EXTENDING THE RANGE OF
INTERMEDIATE STRAIN RATE MATERIAL TESTING
4.1

Introduction
Many fields of physics and engineering rely on mechanical properties such as yield

strength, ductility, fracture strength, and fracture toughness of materials to inform their designs,
models, and theories. These data are mostly acquired from quasi-static test frames which may
also allow for environmental effects to be quantified on these mechanical properties. However,
mechanical properties of many materials are strain rate dependent and the quasistatic test
machines are limited in their capability to deliver dynamic loads to induce deformation in few
milli or microseconds duration resulting in material response at strain rates above 10 /s.
Historically, attempts to understand dynamic response of materials can be traced back to
the efforts of John Hopkinson in the 1870s where he noted that when a load is dropped on a hung
metal wire, its load bearing capacity was twice at the impact end than at the clamped end [7]. A
few decades later Hopkinson’s son Bertram Hopkinson provided additional experimental
architecture that reproduced the wire failure phenomenon and [8] developed the Hopkinson
Pressure Bar, to measure the pressure produced from the detonation of gun cotton upon firing a
bullet [9]. This system featured an acoustic stress wave generated by the impact of a projectile at
one end of a steel shaft, thus demonstrating the first use of waveguide in solid mechanics to
quantify mechanical properties. A few decades later, Kolsky advanced the idea of using pressure
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waves to obtain material deformation characteristics by using two aligned bars where a
cylindrical test specimen could be placed between the two bars. This test system is now referred
to either as the split Hopkinson pressure bar (SHPB) or the Kolsky bar [11]. Later Davies and
Taylor provided a critical review of the SHPB relationships for determining the stress and strain
in a test specimen [12]. Since then, numerous researchers have used the SHPB system to obtain
constitutive response of a variety of materials at intermediate strain rate (102 /s - 104 /s) range. In
recent years, further developments to the SHPB technique have occurred such as momentum
trapping and pulse shaping [40], [54], [66]. For more comprehensive review of developments in
this field the reader is referred to the monograph by Song and Chen [19] and Nemat-Nasser [52].
The SHPB technique is ideally suited to extract dynamic response of materials (metals,
ceramics, polymers, biomaterials etc.,) at intermediate range of strain rates. To achieve
deformation at strain rates below this range (e.g., 10/s) it is recommended to use longer bars of
several tens of meters which can accommodate long duration incident stress pulses [21], [42]. In
one extreme case, a SHPB system as long as 200 m capable of hundreds of kilonewtons of load
is installed [20]. However, the capital investment required to manufacture and install such a
SHPB system is prohibitively expensive, especially in case of long bars [22] as they require
floorspace of several tens of meters long, several support stations along the length of the bars,
bigger capacity launchers to propel the longer striker bar, etc. In case of the Italian SHPB,
concrete rooms for housing the striker bar launching system, separate chambers for test specimen
loading and capture of fragments upon its failure, and a stopper at the end of the transmission
bar, etc. While these long bars can deform a specimen at lower strain rates in the range of 1/s to
100/s, they have the disadvantage of excessive capital cost.
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Recently, Whittington et al., [41], [63] presented an innovative solution to provide longer
duration stress pulses and increase the effective length of a SHPB system by designing a coaxial
bar-tube system with a series of impedance-matched concentric tubes surrounding a central rod.
The bar-tube system is welded at alternate ends so that a stress wave could seamlessly traverse
from the central rod to the outer tube or from one concentric tube to the next without
experiencing any distortion in its characteristics (amplitude and duration) or without being
reflected at the welded joints. This SHPB system was named “Serpentine Bar” and has been
patented [41], [62], [63] and licensed to a manufacturer. With this design, for a given length of
the bar, depending on number of coaxial tubes, a long duration stress wave can be
accommodated which otherwise would be impossible in a single straight bar of same physical
length. Leonard et al., conducted finite element analysis of this design and showed that this
technology could be used to replace any of the bars in a traditional SHPB bar system [67] and
obtain significantly longer duration stress pulses in the same floor space. However, a major
drawback of this concentric bar design is that the thickness of the successive outer tubes become
smaller and smaller due to the requirement of constant impedance in each pass. In reality, it
becomes impractical to fabricate more than three passes for a typical SHPB bar system. This
constraint limits the duration of the stress wave that can be accommodated in the bar and hence
limits the low-end of the strain rate regime that can be achieved during the deformation of a
specimen.
In this paper, a novel compact bar design that accommodates long duration stress pulses
(of several tens of milliseconds to hundreds of milliseconds) suitable for implementation in a
SHPB is presented. The design is motivated by the principle of acoustic wave guide which can
increase the acoustic length of a SHPB system to any desired dimension while simultaneously
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maintaining a reasonable physical length suitable for most laboratory spaces. This new
“millipede bar” features large number of iso cross-sectional (or impedance matched) rods
compactly placed next to each other and connected at each end with impedance-matched joints
that effectively transfer stress to the next rod. The entire bar is cut using wire electric discharge
machining (EDM) from a solid block of metal. In effect, this design acts as a single long bar
which can trap an incident wave in a series of desired number of rods. These features allow a
SHPB system to be designed for the low-end range of the intermediate strain rate mechanical
testing by shortening the overall length of the bars from several tens or hundreds of meters down
to the order of less than one meter.
The organization of the manuscript is as follows: In Section 4.2, the principle of
operation of millipede bar with five bars is illustrated using numerical simulations. The ability of
the bar to allow propagation of constant amplitude stress wave of desired duration and amplitude
without distortion is demonstrated. In Section 4.3, the proof-of-concept experiment is shown by
fabricating a compact five-bar transmission bar and comparing the experimentally measured
stress wave profiles with strain gages to those obtained from numerical simulations. Some
unforeseen experimental nuances that contribute to degradation of wave characteristics during its
travel through multiple folds and implementation of effective mitigation strategies are
enumerated. In Section 4.4, design configurations for establishing a full-scale SHPB
experimental set up are discussed and explored via explicit finite element analysis. Section 4.5
summarizes the innovative aspects of the millipede bar and its ability to provide a smooth
transition in testing capabilities from quasistatic to medium range strain rate testing of materials.
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4.2

Millipede Bar Design

The design of a “millipede bar” is based on the principle of a waveguide with constant
impedance. The bar consists of one primary rod at the center and desired number of parallel
secondary rods extending in either two or three dimensions. The cross-sectional area of each
secondary rod is half that of the primary rod. A schematic of a typical bar design is shown in
Fig.4.1 with one central primary rod and four secondary rods on either side. The central rod has a
free end (called impact-end) on one side where the impact by a striker bar occurs, and on the
other side it branches into two secondary rods that run parallel on either side. These two rods
have equal cross-sectional areas (or impedances) but each is half that of the primary rod. The
rods are connected at the end and this has a width the same as the width of the rod, as shown in
the figure. This design feature not only allows smooth transfer of stress wave from the central
rod to the two parallel secondary rods without any wave reflection but it also provides
momentum balance that may occur at this end during the wave transfer from the primary rod to
the secondary rods. The dimensions of all other connection points are the kept the same.
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Figure 4.1

Millipede bar schematic and brief illustration.

Proof-of-concept millipede bar with one primary rod in the center and 4-secondary rods. It is
impacted by a long rod to generate a stress wave. The wave travel path and the associated stress
reversals are shown. C for compression and T for tension. The red arrows are wave travel
direction and the narrow blue arrows are particle motion direction in the stress wave. The curved
arrows indicate the wave transfer into the adjacent rods through the connection points.

We will first establish that the millipede bar with the above design features allows one
dimensional stress wave propagation without dispersion or distortion. ABAQUS explicit was
used to model the stress wave propagation characteristics. The finite element code utilized 3D
solid models with quarter symmetry boundary conditions. In order to simulate stanchions as are
traditional in Kolsky bar testing, the inner side of each pass was held to have no radial/vertical
displacement. This keeps each of the secondary rods parallel to the primary rod while also
keeping each of the joints from changing geometry. The mesh is comprised of linear-hexahedral
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elements with reduced integration points (C3D8R elements). The mesh around the point of
impact and at each connection has cubic elements with a side length of 1 mm. The elements
between the joints slowly growth in length to be rectangular elements with sides of 1 mm x 1
mm x 8 mm. To generate a stress wave, the primary rod was impacted at a velocity of 10 m/s by
a striker bar of length 483 mm and same impedance as that of the primary rod. Upon impact, a
compressive stress wave of certain amplitude is generated in the millipede bar. The amplitude of
the produced stress wave can be predicted knowing the density of the striker 𝜌, the wave speed
of the striker 𝑐, and the velocity of the striker at impact 𝑣.

𝜎𝑤𝑎𝑣𝑒 =

1
𝜌𝑐𝑣
2

(4.1)

Upon reaching the end of the primary rod, the wave splits and enters the two adjacent
secondary bars as tensile waves. This change in sign occurs because as the wave approaches the
end of the bar, it sees the free surface and reflects as a tensile wave. Recall that the particle
motion in a tensile wave is opposite to that of wave travel direction. Due to the impedance
matched boundary condition at this end, the wave now transfers the energy into the adjacent
secondary rods as a tensile wave rather than reflecting back into the primary rod. Due to the
cross section of each secondary bar being half that of the primary bar, the stress magnitude
remains the same as that in the primary rod (maintain the force equilibrium). Each tensile wave
in the secondary rod now travels to the other end and transfers to the next secondary rod (similar
to the previous transfer) as a compression wave of equal stress amplitude and duration. This
process repeats until the free end of the millipede bar is reached where the wave reflects back
with opposite sign and traverses back all the way to the primary rod where the two incoming
waves combine and travel to the impact end of the millipede bar as a tensile wave. The process
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now repeats. It is interesting to note that regardless of the number of secondary rods, the
reflected wave will always arrive as a tension wave at the primary rod, exactly the same situation
as in a conventional split Hopkinson pressure bar. Thus, the millipede bar will behave as a
conventional SHPB as if there was only a single bar regardless of number of wave reflections in
secondary rods. The reflected tension wave will also have the same magnitude and duration as
the original incident wave that was generated upon impact. Figure 4.1 illustrates the wave travel
directions and particle motion in each rod during the stress wave propagation.
Figure 4.2 shows the stress-time history generated from the explicit finite element
simulation of the above millipede bar. It clearly shows a typical rectangular pulse of 0.19 ms
duration which consistently maintains its duration and amplitude while traveling through various
secondary rods (see pulses indicated as 1, 2, 3, and 4) until starts to overlap upon reflection at the
free end (e.g., pulse indicated by 5). Thus, a millipede bar, despite having several parallel rods
joined together at alternate ends which cause wave reversals, does provide a uniaxial stress wave
propagation, similar to a long rod of equivalent length.

47

Figure 4.2

Finite element wave propagation results of five-pass millipede bar.

Wave profiles seen at the midpoints of each rod (1-5) along the millipede bar - illustrating the
uniaxiality of the wave propagation characteristics. Each plot is the stress-time history for that
specific pass as labeled in Fig. 4.1.

One may wonder if such a phenomenon can be extended to tens of such rods arranged in
a similar fashion, thus giving rise to a stress wave of several milli seconds duration in a compact
3-dimensional space. Figure 4.3 shows one such arrangement of a millipede bar with one
primary rod and 78 parallel secondary rods in a compact volume. Each secondary rod has a
length of 100 mm and a square cross section with a side of 4 mm. The secondary rods are
stacked together parallel to the primary bar to yield an effective length of 7.9 m.
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Figure 4.3

Seventy-nine pass millipede bar design.

Seventy-nine pass millipede bar design that can be fabricated by wire EDM.

This millipede bar has two connection points where a rod branches into two rods each
having half the cross-sectional area (and impedance) as the initial rod. This happens as the
primary rod is connected to two secondary rods at the first connection point, and then as the tenth
secondary rod branches vertically at the eleventh connection point making four groupings of
secondary rods. The secondary rods not adjoined at these ‘branching points’ are connected to just
49

one other secondary rod at the other end in an alternative fashion to yield a serpentine structure.
The overall profile of the millipede bar is circular to demonstrate that this method of having
parallel rods is not limited by overall geometry.
Another attribute to this design is its ease of manufacturing via wire electric discharge
machining (EDM). This millipede bar has no closed loops from the front, side, and top
viewpoints; therefore, it can be made from a solid block of material by utilizing wire EDM
process on these three axes and turning the substrate between each axis cut. For this design, the
lay-up of the secondary rods should be symmetrical around the primary rod to minimize the
overall moment (more discussion on this later). Each secondary rod must be placed in close
proximity and connected to the next rod with material of equal cross-sectional area at each turn
for smooth transfer of wave during the stress reversal.
Explicit FEA again provides a means of evaluating the performance of this millipede bar
design. The seventy-nine-pass millipede bar is modeled and meshed in a similar manner as the
previous millipede bar. The mesh of the 3D model is comprised of C3D8R elements. The mesh
density is highest at the connection points where the elements are cubic in shape with a side
length of 0.67 mm. The longest elements are at the midpoints of the secondary rods where the
elements are 0.67 mm x 0.67 mm x 5 mm with the long side parallel to the wave propagation
direction. Figure 4.4 shows the resulting stress wave that is produced by the millipede bar
impacting a bar of equal cross-sectional area and impedance. The stress wave is monitored via a
stress monitoring element on the surface of this straight bar 230 mm from the impact surface.
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Figure 4.4

Stress wave produced from seventy-nine pass millipede bar from FEA.

Stress wave produced via explicit FEA simulation of millipede bar shown in Fig. 4.3 impacting a
bar of equal cross section and impedance having a time duration of 3.2 ms.

4.3

Prototype Experimentation
In order to prove the concept of substituting a millipede bar for a long bar in a SHPB

system, a five-pass millipede bar prototype (Fig. 4.5) was manufactured using wire EDM to
match the model presented in the previous section. The primary bar has a square cross-section
with side lengths of 11.1 mm (7/16 in). This equates to a cross sectional area of 123.5 mm2. This
geometry closely matches the cross-sectional area of a 12.7 mm (0.5 in) diameter round bar,
126.7 mm2. The wire diameter used in the EDM process set the size of gap between each fold at
0.38 mm (0.015in). The millipede bar was instrumented with a strain gage 65 mm (2.5 in) from
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the impact surface on the primary rod and a strain gage at the midpoint of the second secondary
rod.

Figure 4.5

Five-pass millipede bar prototype.

Five-pass millipede bar prototype with strain gages on the primary rod and the second secondary
rod manufactured via wire EDM process.
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In the testing setup, special care was needed to ensure appropriate boundary conditions
that matched those in the finite element simulation. Roller bearings provide a low-friction, stiff
contact that most closely matches the zero displacement and zero friction assumption within the
simulation. Roller bearings 0.3 mm in diameter provide stiffness between two successive passes.
Larger diameter roller bearings (3.5 mm) are used on the outer faces of the millipede bar. Thin
tungsten carbide plates provide a hardened surface between the millipede bar and the stanchion
housing. Tungsten carbide was chosen to minimize the plastic deformation induced from any
clamping force applied. Figure 4.6 shows a schematic of the testing setup along with the two
strain gages used to record the stress history during the experiments. Two tests are performed to
test the validity of the one-dimensional assumption with respect to wave propagation through the
millipede bar.

Figure 4.6

Five-pass millipede bar prototype schematic.

Schematic of millipede bar prototype with strain gage locations highlighted. Linear roller
bearings are placed between each pass to minimize lateral displacement of the particles and
provide support. The arrow indicates the impact surface of the central rod.
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The first experiment tests the ability of the millipede bar to measure the long-duration loads
in intermediate strain rate testing in a SHPB setup. The striker bar used is 545 mm (20.5 in) in
length and has a diameter of 12.7 mm (0.5 in). This striker produces a stress wave in the millipede
bar 1.09 m long. Since the secondary rods of the millipede bar are only 290 mm (11.5 in) long, the
stress wave spans three secondary rods. Figure 4.7 shows the stress-time history of the strain gage
on the primary rod for two experiments. The first has a thin, aluminum-foil pulse shaper between
the striker bar and incident bar, and the second does not.

Figure 4.7

Five-pass millipede bar square wave experimental results.

Stress time history of primary rod of millipede bar (a) with and (b) without a pulse shaper.

In both experiments, the millipede bar accurately measured the profile and length of the
wave from the incident bar including amplitude and time duration. In the experiment with the
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aluminum foil pulse shaper, the millipede bar captured the detail in the imperfections during the
rise and fall of the stress wave. Also, during both of the experiments there is a slight increase in
the amplitude of the stress wave before returning to a steady state. This increase in measured
stress occurs 0.095 ms after the initial rise of the stress wave. This is approximately how long the
stress wave would take to travel from the strain gage on the primary rod to the connection point
between the primary rod and the first secondary rods where some of the energy is reflected back
towards the strain gage on the primary rod. Since the reflection is of the same sign as the stress
wave, the impedance difference that caused the reflection must be from a lower impedance
material meeting a higher impedance material. A possible reason for this would be from the
improper boundary condition at the connection point where the joint was allowed to move or
expand changing its geometry and, therefore, its impedance. This connection point is an area
where future research can focus to better understand the optimal geometry and boundary
conditions to minimize this impedance mismatch.
The second experiment of the millipede bar tests the ability of the millipede bar to
maintain the shape of a wave through its folds. In this experiment the stress is measured via the
strain gage in the middle of the second secondary rod. A shorter striker bar 127 mm (5 in) is used
to produce the wave. Figure 4.8 shows the stress-time history observed immediately following
impact of the striker from the strain gage on the second secondary rod.
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Figure 4.8

Five-pass millipede bar square wave experimental results.

Stress-time history of the second secondary rod as measured by a strain gage after the millipede
bar was impacted by a 127 mm striker bar.

After the stress wave passes through the strain gage the first time, it reflects from the free
end of the millipede bar and returns as a tension wave. As it goes through the strain gage in
tension, the magnitude of the wave has decreased by around thirty percent. The wave then
recombines into a single rod as it re-enters the primary rod, reflects as a compressive wave from
its free end, and then branches again into the two secondary rods before it passes through the
strain gage on the second secondary rod a third time. This time, the amplitude of the wave is
equal to before with an opposite sign since it is again a compressive wave. This initial decrease
in amplitude and then consistent amplitude could be from the varying dispersion characteristics
between the secondary rods.
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4.4

Full Split Hopkinson Pressure Bar System from Millipede Bars

The previous sections showed how this millipede bar concept can be used in place of
other bars within a SHPB system to shorten the system’s length. This ability to interchange bars
is not limited to the replacement of one bar, but all three bars could be replaced with millipede
bars to create a system that is many factors or even magnitudes shorter in length. Each of the
aforementioned millipede bars did not have symmetric ends. One side was made for impact and
had a central impact surface on the primary rod. The opposite side of the millipede bar had
multiple free ends all away from the primary rod. Although alternate geometries could be
designed where the free ends are closer (even adjacent) to the primary rod, this design lacks two,
colinear impact surfaces intrinsic to bars within SHPB systems. A typical design of SHPB
systems has the striker, incident, and transmission bar length ratios as around 1:4:2. To maintain
these ratios, one could manufacture a millipede transmission bar as mentioned previously, a
striker bar the same but with half as many secondary rods, and an incident bar with the same
design as two of the transmission bars with their free ends joined together. Figure 4.9 shows a
concept of a 31-pass millipede incident bar. One benefit to having the bar length ratios of 1:4:2 is
having a strain gage in the middle of the incident bar. The mirrored millipede bar design allows
for a strain gage to still be placed at the mid-point of the incident bar.
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Figure 4.9

Thirty-one pass millipede incident bar design.

Incident millipede bar design concept having 31 passes where two identical 31-pass millipede
bars are made back-to-back with their two impact ends facing outwards.
With this mirrored millipede bar design, a full SHPB system can be made with all
colinear impacts between bars. Figure 4.10 shows the schematic of such a system created in
Abaqus explicit. The stress-time history is monitored via stress monitoring elements called strain
gages to align with common experimental practice. These strain gages output the axial stress at a
frequency of 10 MHz. The incident strain gage is located in the middle of the fourth secondary
rod on the striker bar half of the incident millipede bar. The transmission strain gage is located in
the middle of the primary rod on the transmission millipede bar.
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Figure 4.10

Millipede bar split Hopkinson pressure bar system.

SHPB system (0.678 m in length) comprised of millipede bars modeled in 2D in Abaqus explicit
with a line of symmetry along dashed red line.

Each of the secondary rods in the system have a thickness of 5 mm and a gap of 0.5 mm
between them. An aluminum specimen 3 mm in length is placed between the incident and
transmission bars to be tested in compression. The specimen is given an elastic modulus of 70
GPa, a density of 2800 kg/m3, and a linearly-elastic, perfectly-plastic material model with a yield
stress of 300 MPa. The 2D mesh of the millipede bar has linear square (quad) elements of length
0.5 mm at the impact surface and connection points. The elements grow in length up to 5 mm in
length at the midpoint of each bar. The specimen has entirely linear square elements of length 0.1
mm. Figure 4.11 shows the mesh of the specimen as well as the mesh of the millipede bars on
either side of it.
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Figure 4.11

Mesh quality of millipede bar system model.

Mesh used in millipede SHPB system at specimen interface.

In the simulated experiment, the striker bar has an initial velocity of 15 m/s at the point of
contact. The striker millipede bar also only has two secondary bars as opposed to the four in the
incident and transmission millipede bars. Figure 4.12 shows the stress wave propagating through
the SHPB system at different points. In the images, blue indicates a compressive stress, red
indicates a tensile stress, and green is no stress. The darker the color, the higher the stress. Figure
4.13 shows the resulting incident, transmission, and reflected waves measured by the strain gages
in the FEA simulation as well as the resulting stress strain relationship obtained from these
waves.
The waves measured by the millipede bars in the FEA simulation closely resemble waves
obtained from a typical high-strain-rate compression test in a SHPB system. The analysis of
these waves in the traditional manner to obtain the mechanical properties of the specimen reveals
a stress-strain relationship identical to the material model assigned to the specimen. The strain
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rate observed in the simulation varied around 2000 /s at the beginning and dropped down to 1000
/s as the specimen came to an equilibrium.

Figure 4.12

Images of stress wave propagation through millipede SHPB system.

Images taken from the FEA results showing (from top to bottom) the wave generated by the
millipede striker into the first half of the millipede incident bar, the entire wave halfway through
the millipede incident bar, the incident wave halfway through the compression specimen, and the
transmission wave entirely in the millipede transmission bar. Compressive stresses are shown in
blue; tensile stresses in red; and no stress in green.
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Figure 4.13

Wave data from millipede system and corresponding stress strain curve.

(a) Resulting waves from FEA simulation of full SHPB system with millipede bars along with
(b) the resulting stress strain curve and strain rate of the experiment.

4.5

Conclusions and General Design Considerations
This paper has introduced a new concept for a compact acoustic waveguide called the

“millipede bar.” This millipede bar has the potential to replace the components in traditional split
Hopkinson pressure bar (SHPB) set-ups lowering the full system length by multiple orders of
magnitude. A base case of the millipede bar concept was introduced via explicit FEA with a
millipede bar that had four secondary bars after its primary rod. These secondary rods increased
the acoustic length of the millipede bar to be five times as long as its physical length. This fivepass millipede bar design was then manufactured via wire EDM and tested to validate its ability
to assume one-dimensionality in wave propagation through it. This tested included two parts:
measuring a square wave that is longer than the physical length of the millipede bar and
measuring the shape of a stress wave passing through the multiple secondary bars. Finally, a
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SHPB system comprised of solely millipede bars was introduced. This system was modeled in
explicit FEA and showed that a SHPB system could be made orders of magnitude smaller and
maintain the full functionality of a traditional SHPB.

When designing a millipede bar to be used as a compact acoustic waveguide, the
following should be noted.
5.

The following equation can be used to determine the maximum possible
measurable wave length based on the shape and volume of the parent material.

𝜆 = 𝐾𝑠

𝑉𝑜𝑙𝑖𝑛𝑔𝑜𝑡
𝐴𝑏𝑎𝑟

(4.2)

6.

Here 𝜆 is the maximum wavelength obtainable, 𝑉𝑜𝑙𝑖𝑛𝑔𝑜𝑡 is the volume of the
material to be cut, 𝐴𝑏𝑎𝑟 is the needed cross-sectional area of the bar, and 𝐾𝑠 is a
shape factor. The shape factor incorporates the cross-sectional shape of the parent
material whether square, circular, etc. There will always be a loss based on the
thickness of the wire used in the machining process, but the larger the parent
material, the smaller this will affect the maximum wavelength.

7.

The separation between the bars should as small as possible for effective wave
transfer during the stress reversal. In the current millipede bar analysis, we have
set this separation distance to be at most 500 microns. If the separation is large,
the end section of the bar will not move in a plane and may create a cantilever
type motion thus lagging in the wave transfer to the next rod.

8.

Momentum imbalance exists when a rod does not branch but simply folds into the
next secondary bar; hence, special linear bearing tabs are inserted as shown in
Fig. 4.6 to allow only axial motion of the bars. Roller bearings are chosen over
other methods (i.e., shims) for this due to their intrinsically low friction values.
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CHAPTER V
SUMMARY, RECOMMENDATIONS, AND FUTURE WORKS
5.1

Summary
The work contained herein illuminates and explores the field of compact waveguides in

the field of solid mechanics. In other fields such as electro-magnetic signals, acoustics, and
electronic transmission, research on compact waveguides is common and the resulting compact
waveguide technologies are mature. The specific field of dynamic mechanical testing utilizes
split Hopkinson (Kolsky) pressure bars. These systems traditionally use long, straight bars as
waveguides to measure stress waves. Recently, the lengths of these systems have grown to tens
or even hundreds of meters in length due to the wavelengths of interest. Because of this as well
as the high fidelity of measurements needed in these systems, these systems are well suited to
test new stress waveguide designs.
Prior work introduced a novel compact waveguide design called the serpentine bar,
which was used as a transmission bar substitute in a SHPB system. The prototype and patent
detailed how this technology had the potential to increase the acoustic length of a specified
physical length of bar by factors of two to five. Section 2 of this work provides a method of
which to analyze this compact waveguide specifically with focus on its joints. This also served as
an initial look at how this serpentine bar could also be used as a striker bar within the SHPB
system. From this work, general rules-of-thumb are reported with regards to fabrication
processes, geometric relations, and joining methods. These are summarized as follows:
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•

The gaps between adjacent concentric passes should be minimized.

•

The joint thickness should be somewhere between the thicknesses of the passes
that it connects.

•

Welded joints should have a means of controlling penetration depth to allow for
joint thickness control.

•

Threaded joint should have tight tolerances in order to ensure uniform contact
between mating thread surfaces.

After providing an analysis and initial experimental results for the serpentine bar, a
threaded serpentine bar is used as a striker bar in a SHPB system to find the mechanical response
of ZEK100 magnesium alloy. The serpentine striker bar created stress-strain curves with great
relations to those generated via a traditional straight striker bar. The resulting high-strain-rate
(103 /s) stress-strain relationships showed similar hardening curves as those gathered at quasistatic strain rates (10-3 /s), but showed deviation at approximately 10% strain. Both the ultimate
tensile strength and the ductility decreased slightly between the two strain rates as well. These
tests validated the use of a serpentine bar within a SHPB system to acquire mechanical data.
The final major conclusion of this work came with the development of the millipede bar
compact waveguide. This technology allows for acoustic-to-physical-length ratios on or above
the order of 100. This means that a millipede bar that could fit on a table could have the acoustic
length of a kilometer. This design presents challenges in fixturing and bracing as it contains
unstable joints which have a moment imbalance as a stress wave passes through it, but the design
provides an opportunity to replicate the functionality of SHPB systems that are many tens or
hundreds of meters in length with a system that is a few meters in length. The drastic increase in
effective length allows for certain tests that require significant infrastructure to generate and
measure long acoustic waves (i.e., intermediate-strain-rate, monotonic testing) to be accessible to
more research labs and institutions.
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The major accomplishments of this work are the following:
•

Presented a method of using finite element analysis to analyze compact acoustic
waveguides.

•

Introduced metrics by which a serpentine bar design may be analyzed to predict
its performance.

•

Developed and verified threaded and welded joining methods that are best suited
for stress wave transmission.

•

Designed and validated a serpentine bar as a striker bar into a SHPB system to
generate long pulses.

•

Provided high strain rate stress-strain behavior of ZEK100 magnesium alloy using
both a straight and serpentine striker bar in a SHPB system.

•

Designed a new compact stress waveguide known as the “Millipede Bar” that can
produce and measure stress waves of length two orders of magnitude longer than
the waveguide’s physical length.

•

Illustrated the use of millipede bars in creating a full SHPB system capable of
load times over 3 ms while having a system length of one meter.

This current work serves simply as an introduction to the topic of compact waveguides in
the field of waveguides in solid mechanics. In the area of compact waveguides, the field of solid
mechanics is still uncharted compared to many other fields which utilize compact waveguides in
many integrated systems regularly. Further studies on compact waveguides in solid mechanics
would allow for better characterization and optimization for these compact acoustic waveguides.
Beyond that, these compact waveguides have applications in fields outside of monotonic,
destructive mechanical testing including fields like microhardness indentation and ultrasonic
fatigue testing and impact tool design. The following sections provide brief introductions to a
few of these areas of research all of which would have an immediate impact to this new field of
study.
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5.2

Joint Optimization for Millipede Bar Compact Stress Waveguides

5.2.1

Background on Millipede Bar Design
The millipede bar compact waveguide expanded upon the impact of the serpentine bar on

the dynamic mechanical testing field. The millipede bar then raised the acoustic-length-tophysical-length ratio two orders of magnitude from those practically achievable using the
serpentine bar design by creating a pattern that features identical rods for each additional pass.
This reciprocity in geometry increased the possible acoustic lengths of compact waveguides by
lifting the barrier of precision machining of thin-walled cylinders innate to the serpentine bar
design. Figure 5.1 shows how the serpentine bar and millipede bar designs compare.

Figure 5.1

Serpentine bar design compared to millipede bar design.

(a) Three-pass serpentine bar design cross section compared to (b) three-pass millipede bar
design cross section.
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Although the millipede bar design simplifies the fabrication process to achieve many passes,
it presents a problem when considering fixturing the joint between each of the rods. In the
serpentine bar, there exists a moment balance at each of the joints as the stress wave passes
through it. This is because the wave creates a radially symmetric moment around the entirety of
the joint due to the circular nature of the joints. In the millipede bar, there exists two distinct
types of joints: branches and folds. In a branch joint, a single rod is split between two or more
different rods where the sum of the impedances of the secondary rods equals the impedance of
the initial rod. This type of joint occurs at the end of the primary rod in each of the millipede bar
designs shown in the body of this work. At these joints, the primary rod branches into two
identical rods each having half the cross-sectional area as the primary rod. Since the primary rod
branches symmetrically, this type of joint also has a tandem of equal and opposite moments that
balance each other out like in the case of the joints in the serpentine bar.
In a folded joint of the millipede bar, a single rod goes into the joint and a single rod comes
out. Because of the asymmetric design of these joints, as a wave passes through, the moment
created is not restricted except by the bending moment of inertia from the joint itself. Figure 5.2
shows the second joint of both the serpentine bar design as well as the millipede bar design along
with the induced moments from a wave traveling through the two of them. The sign of the
moment assumes that the wave traveling through the joint enters as a compressive wave and
leaves as a tensile wave. If the sign of the incoming wave is reversed, there would exist an
inward moment as opposed to the outward moment shown.
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Figure 5.2

Moments created from traveling wave through a joint.

Moments generated in the two types of waveguides as a wave is traveling through their joints.
Sign convention is assuming a compressive wave is entering the joint and leaving as a tensile
wave. Subfigure (a) shows the moment balance through the circular joint of the serpentine bar
design, and (b) shows the moment imbalance in each of the folded joints of the millipede bar
design. Branching joints in a millipede bar have equal and opposite moments creating a moment
balance.

5.2.2

Finite Element Study on Boundary Conditions at Joint
This moment imbalance at folded joints adds to the complexity of joint design in

millipede bars. Similar to the work done for the serpentine bar joint design, explicit FEA is used
to analyze this phenomenon due to its ability to utilize basic wave equations and dynamics to
monitor wave propagation through solid parts. A finite element model of a three-pass millipede
bar impacting an equal impedance transmission bar is created in Abaqus explicit. Figure 5.3
shows the schematic of this model. The joints of the millipede bar are chosen to have the same
thickness as the width of the secondary rods, and the gaps separating the rods are 0.5 mm. The
millipede bar and the transmission bar are modeled in 2D and meshed with linear quad elements.
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Each of these elements has side lengths of 0.25 mm. The millipede bar has an initial velocity of 5
m/s before impacting the transmission bar. The resulting stresses observed by the transmission
bar are recorded by a stress-monitoring element located 25 mm from the impact surface.

Figure 5.3

Millipede bar schematic for testing boundary condition effects.

Schematic of finite element model to illustrate how varying boundary conditions around the
joints affects the stress-time history of the system for a millipede bar striking a bar of equal
impedance. Stress is recorded from a stress-monitoring element located 25 mm from the impact
surface on the transmission bar.

In order to understand how boundary conditions affect the stress wave produced from the
millipede bar, four scenarios are modeled: fully braced, braced joints, braced rods, and all free.
The simulation assumes mirror symmetry; therefore, roller boundary conditions are applied to
the line of symmetry. In order to brace the joints, the top and bottom of the joints are restricted
from moving vertically and the edge is not allowed to rotate. For the rod bracing, the top of each
rod is bound from moving vertically. If both sides of the rod were restricted, the bar would not be
allowed to expand, which would increase the wavespeed of the rod and its impedance. Figure 5.4
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shows the resulting stress-time history of the strain gage in the transmission bar for each of the
boundary conditions applied to the millipede bar.

Figure 5.4

Joint and rod boundary condition effects on millipede bar.

Stress-time history within a transmission bar after impact by a millipede bar. The boundary
conditions of the millipede bar are varied to show their effect. All boundary conditions are
compared to the same impact but from a straight rod of the same acoustic length.

The stress-time history for each of the millipede bar simulations began the same as the
straight striker simulation including the noise seen at the beginning of the square wave. Starting
at 0.05 ms the stress waves seen by the stress-monitoring elements in the millipede bar
simulations are perturbed as the stress wave in each simulation transitions from the millipede
bar’s primary rod to its first secondary rod. Regardless of the rods being braced or not, the stress
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dips below the square wave of the straight striker if the joints are not braced. This is
characteristic of when a stress wave meets a lower impedance boundary, and a wave of reversed
sign is reflected back causing destructive interference. After a short transition period, the stress
for each of the four millipede bar simulations settles to a slight oscillation centered about the
straight striker stress. At 0.09 ms the stress again drops tremendously for the simulations where
the joints are not braced. This time is associated with the stress wave reflecting from a
mismatched impedance at the second joint of the millipede bar. Since this is a folded joint, it
does not have a resistance to the induced moment from the stress wave; therefore, when the joint
is not supported, it experiences vertical displacements on the order of tens of microns. The
change in vertical displacement is directly correlated the drop in the characteristic impedance of
the joint. Figure 5.5 shows the vertical displacements for each of the simulations at 0.06 ms. This
is the time when the stress wave reaches the free end of the millipede bar.

Figure 5.5

Vertical displacement of millipede bars with different boundary conditions.

Vertical displacement within each millipede bar 0.06 ms after impacting a transmission bar.
Displacements are shown pictorially with a multiplier of 20. The units shown to the left are in
millimeters. The boundary conditions for each of the subfigures are (a) fully braced, (b) braced
joints, (c) braced rods, and (d) all free.
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5.2.3

Future Work
A future point of interest shared by the millipede bar and the serpentine bar is a better

understanding of the relationship between joint thickness, gap, and characteristic impedance of a
joint. Prior work on the serpentine bar has shown that a larger gap decreases the characteristic
impedance of joints in compact stress waveguides. Increasing the joint thickness has also been
shown to increase the characteristic impedance. Prior rules of thumb included minimizing the
gap as much as possible and have the joint be slightly thicker than the width of the passes its
between. Currently, explicit finite element simulations are required to predictively know if the
joint has the correct thickness for a specified gap. Now with understanding how micron level
displacements intrinsic to millipede bars drop the characteristic impedance of folded joints, fully
modeling and characterizing the joints in compact stress waveguides is necessary to attain the
high level of accuracy needed in SHPB testing.

73

5.3
5.3.1

Wave Shaping in Millipede Bar Compact Stress Waveguides
Background on Wave Length Selection in SHPB
Within the field of SHPB testing there are subsets of experiments which require exotic

wave profiles such as strain rate jump, dynamic recovery, and dynamic micro-indentation
hardness [54], [65], [68], [69]. In strain rate jump experiments, striker bars in SHPB systems can
be replaced with either a composite that has dissimilar materials joined together or a single
material bar whose diameter either steps up or steps down. Both of these methods create a bar
with varying mechanical impedance along its length which creates stress waves that change in
amplitude based on the change in mechanical impedance. When a prescribed amount of strain is
required, momentum traps allow the user to apply a repeatable displacement and strain on a
specimen. Momentum trapping works by adding a flange to the striker impact end of an incident
bar. Once the striker bar loses contact with the incident bar, this flange impacts a tube of
matched impedance ensuring constant contact with the flange. The compressive wave then
travels down the incident tube, reflects off of a large reaction mass, returns down the incident
tube as a compressive wave, and creates a tensile wave within the incident bar which stops the
compressive force once it reaches the specimen. For dynamic hardness testing, the end of the
incident bar within a SHPB system has an indenter tip on the end opposite the striker bar.
Momentum trapping is useful in ensuring that the specimen is only indented once per test.
5.3.2

Digital Wave Length Selection with the Millipede Bar
The millipede bar design introduced herein has the same ability as a momentum trap

without requiring an additional tube or gap measurement. The millipede bar also has the benefit
of having a selection of impact surfaces for the large reaction mass; thus, making the selection of
an impact surface a selection of wave length produce by the millipede bar. Figure 5.6a shows a
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thirty-one-pass millipede bar design with six potential impact locations highlighted. This thirtyone-pass millipede was modeled using explicit FEA impacting a square rod of equal cross
section and impedance. To simulate the large reaction mass impacting one of six locations
highlighted, a fixed boundary condition was assigned to that corresponding surface. Quarter
symmetry was assumed in the simulation which accounts for the numbers only being in one
quadrant of the millipede bar cross section. The stress-time history within the impacted square
rod was measured using a stress-monitoring element simulating a strain gage. Figure 5.6b shows
the stress-time history of that strain gage for each of the simulations.

Figure 5.6

Pulse width selection on millipede bar.

(a) Thirty-one-pass millipede bar design showing six potential impact points for a reaction mass
to impact to digitally select the pulse length required. (b) The resulting stress-time histories of an
impacted rod of equal impedance corresponding to each of the six large reactionary mass impact
points compared to if a reaction mass is not used. The legend lists the number of passes active
between the mass impact location and the primary rod of the millipede bar.
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The time duration of the pulse produced is directly correlated the number of active passes
between the mass impact location and the impact surface of the primary rod. This quantity is
identified for each plot in the legend of Fig.14. The preliminary results of these finite-element
studies lead to the thought that a millipede striker bar could be used in conjunction with a
placeable reactionary mass to allow for a digitally selectable wave length based on a desired
wave length needed for specific testing requirements.
5.3.3

Strain Rate Jumps with the Millipede Bar
Some researchers use strain rate jump tests in order to validate aspects of material models

(strain rate dependency, dynamic strain aging, etc.). The previous section showed that by
applying a large reactionary force on a pass in the millipede bar, the pulse can be truncated at a
specific length. The force applied on the millipede bar finite element simulations represented the
waveguide impacting a large mass with infinitely higher impedance. If the impact was lowered
to have a finite impedance on the same order of magnitude of a rod in the waveguide, some of
the energy would still be transferred into the mass, but some would be allowed to pass through.
Figure 5.7 shows a schematic for the same millipede bar used in the section on joint boundary
conditions but with two additional rods labeled momentum traps. Each of these rods has the
same impedance as a rod within the millipede bar. The rods are placed to where the millipede bar
will come into contact with them at the same time the millipede bar impacts the transmission bar.
They also each have a length of 110 mm. This is so a wave passing from these rods into the
waveguide will have the same length as the distance from where a wave would travel from where
they impact to where the millipede bar strikes the transmission bar.
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Figure 5.7

Millipede bar schematic for testing strain rate jumps.

Schematic of millipede bar like that in Fig.5.3 with the addition of two impedance matched rods
as momentum traps. The rods are placed such that the millipede bar will impact each of the rods
and transmission bar at the same time.

The momentum trapping rods are aligned only on the bottom half of the millipede bar.
This is to show how asymmetric loading affects the stress wave created by the millipede bar.
Four simulations are run: free, one trap, two traps, fixed. The free simulation does not have the
momentum trapping rods and is shown as a reference. The one-trap simulation has one
momentum trap rod placed in line with the second rod of the millipede bar. The second
momentum trap rod is added for the two-trap simulation. The fixed simulation fixes the joint that
the momentum trap rods would impact. This is similar what was done for the wave length
selection simulations, but this simulation is asymmetric in that the top half of the millipede bar is
unimpeded. Figure 5.8 shows the stress-time history for the strain gage in the transmission bar
for the simulations.
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Figure 5.8

Strain rate jump results using momentum trapping rods on millipede bar.

Stress-time history within a transmission bar after impact by a millipede bar. One and then two
impedance matched rods are placed on the bottom-half second and third rods respectively. The
surface where the momentum trapping rods impacted the millipede bar is then fixed via an
applied boundary condition.

When the millipede bar impacts the transmission bar without any momentum trap (rod,
rods, or boundary condition), a compressive wave begins to travel down the primary rod. At the
branching joint, the wave splits and reverses sign to become a tensile wave traveling down the
second rods. At the fold joints between the second and third rods, the wave reverts back into a
compressive wave traveling down the third rod until it reflects off the free end and returns
through all of the rods with the opposite sign.
With the addition of a single rod of equal impedance as a rod in the millipede bar, a
compressive wave is generated at the joint where the impact occurs at the same time as the
compressive wave is generated at the impact surface on the primary rod. Due to the joint being
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connected to two rods, the compression wave generated is split between the second pass rod and
the third pass rod, but not in equal amounts. The resulting compression wave in the second pass
rod travels towards the joint with the primary rod. Here the wave changes sign and begins to
travel towards the impact surface with the transmission bar as a tensile wave. This tensile wave
is co-existent in the primary rod with the compression wave generated from the impact with the
transmission bar; therefore, the destructive interference between the two waves causes a drop in
amplitude of the compressive wave which has a larger magnitude. This results in a step down in
the stress-time history shown in Fig.5.8 at 0.05 ms.
When an additional momentum trapping rod is added, a compressive wave is generated in
each of the three passes in the millipede bar. The impedance of the two momentum trapping rods
is equal to that of the millipede bar’s second and third passes; thus, a compressive wave is
generated in both of the passes. This wave has the same magnitude as half of the wave being
generated at the impact surface of the transmission bar, so when the compressive wave generated
in the second pass reaches the primary rod, the corresponding destructive interference causes the
output wave to be halved in magnitude. Using the principle of super position, the compressive
wave generated in the third pass reflects of the free end, returns as a tensile wave back through
the third pass, reverses sign to a compressive wave through the second pass, reverses sign again
to a tensile wave in the primary rod, which drops the stress again in the primary rod, but the
wave length produced by the impacting millipede bar does not show a decrease in overall wave
length as would be expected. Therefore, the waves generated within the millipede must be
interacting in a non-intuitive manner to not allow this third wave to shorten the overall wave
length.
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5.3.4

Varying the Boundary Conditions of the Free Ends of Millipede Bars
Millipede bars that have branch joints within their design all have a common aspect that

is not present in prior stress waveguides whether compact or not: multiple free ends. All of the
millipede bars described in this work had either one or two branch points which produced two or
four free ends respectively. Having multiple free ends presents an opportunity to create an
asymmetry at the end condition of the bar, which would, according to super-position, create a
wave that does not have reflections. The idea is that as the stress wave from the impact enters the
waveguide, it is in compression. It then alternates between compression and tension as it moves
through each subsequent pass. Once the stress wave reaches the end of the bar, half of the wave
experiences a free boundary and is then reflected with a reversed sign, but the other half of the
wave experience a fixed boundary, which reflects the wave with the same sign. The two halves
of the wave then would traverse back through the passes until they meet at the branch joint. The
principle of superposition would assume the two waves would both proceed into the one rod, but
their equal and opposite waves would destructively interfere causing no stress on the particles.
Explicit FEA is used to visualize this phenomenon. Figure 5.9 shows the schematic of the
model input into Abaqus explicit. For this simulation, the roles of the two bars are reversed, so
the straight bar is impacting the millipede bar, and the millipede bar is recording the stress-time
history via a stress-monitoring element. This element is 20 mm from the impact surface. Two
sets of three simulations are run. The first set uses a striker bar that is 500 mm long like in the
previous sections. The second set shortens the striker bar to be 200 mm long. Within each set,
three boundary conditions are tested: free, fixed, and mixed. The free boundary condition
simulates the traditional setup where no fixturing is applied to the end of the millipede bar. The
fixed boundary condition assumes that the ends of the millipede are clamped in place with a fully
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rigid connection. The mixed boundary condition applies this same fixturing to the end bottom
end of the millipede bar, and leaves the top end free. Figure 5.9 shows this mixed boundary
condition set up. Figure 5.10 shows the results for these six finite element simulations.

Figure 5.9

Millipede bar schematic for testing mixed boundary conditions.

Schematic of millipede bar like that in Fig.5.3 but being used as a transmission rod. A strain gage
is placed 20 mm from the impact interface, and the boundary conditions on the free ends are
varied such that they are both free, both fixed, and one is free and one is fixed. Two striker bars
are used with both lengths shown.
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Figure 5.10

Mixed boundary condition FEA results for millipede bar.

Stress time history as measured by a strain gage in an explicit FEA simulation shown in Fig.5.9
where (a) uses the 500 mm striker bar and (b) uses the 200 mm striker bar. Both sets of tests vary
the end boundary conditions of the end of the millipede bar from free to fixed to mixed where
mixed has one free end and one fixed end.

For the first test, the 500 mm long striker creates a stress wave 1000 mm in length which
has a time duration of approximately 0.2 ms in the steel bars. This wave length exceeds the
acoustic length in the millipede bar (600 mm). For this first round of tests the three simulations
showed perfect overlap until 0.12 ms. This is the time it took for the wave to pass through the
strain gage, reach the end of the millipede bar, and return back through the strain gage. In the
free end simulation at 0.12 ms, the stress drops and stays near zero the rest of the time. This is
due to the stress wave returning with the opposite sign which caused equal and opposite
destructive interference at the location of the strain gage. In the fixed end simulation, the stress
rises to twice the amplitude as before, this time due to constructive interference as the wave
reflected from the fixed boundary with equal amplitude and sign. For the mixed boundary
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condition simulation, the stress wave does not drop or increase until just after 0.2 ms. This means
that the entirety of the wave passed through the strain gage prior to a reflection returning.
The results from the second set of simulations show similar findings. At 0.12 ms, the free
boundary conditions show a negative spike where a tensile wave passed through the strain gage,
reflected from the free impact end of the bar, and destructively interfered causing the spike to
return to zero stress. At the same 0.12 ms, the fixed boundary condition simulation shows a
compression wave passing back through the strain gage. After passing the strain gage, the wave
continues back into the striker bar, so there is no reflection to interfere with the signal. As for the
mixed boundary condition at 0.12 ms, the signal again does not deviate.
Both sets of simulations show that when the ends of the millipede bar have opposite
boundary conditions, the stress wave does not return until 0.21 ms. Figure 5.11 shows the axial
stress in the millipede bar with mixed boundary conditions at 0.03 ms intervals after impact.
During the first 0.06 ms, the stress wave enters the primary rod, splits into two tensile waves in
the second rod, and reflects into the third rod as a compressive wave. Once the wave reaches the
end of the millipede bar, the top half (the free boundary) shows the axial stress in the bar going
back to zero as the wave reflects back as a tensile wave. The bottom half (the fixed boundary)
shows the rod is still in compression as the wave reflects back as a compressive wave. This is
shown at 0.09 ms. At 0.12 ms, the waves have met at the primary rod, but they have not entered.
Two spots on the top and bottom of the primary rod show that a shear force is present at the
branching joint. At 0.15 ms, the stress wave has reached the end of the millipede bar again after
being reflected off of the shearing boundary at the branching joint. At this point, the stress wave
in the top half reverses its sign again to become a compressive wave. After this reflection, the top
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and bottom halves have symmetric waves passing through them, so when the waves meet back at
the branching joint, they enter as a compressive wave and continue into the striker bar.

Figure 5.11

Axial stresses for an impacted millipede bar with mixed boundary conditions.

Resulting axial stresses mapped onto the millipede bar shown at 0.03 ms intervals. Compressive
forces are blue and black; tensile forces are red and gray.

The ability to reverse the boundary conditions for different portions of the millipede bar
allows its acoustic length to be increased without having to change any physical attribute of the
compact waveguide. This also shows that two stress waves of opposite sign that are entering the
same rod will create a pseudo-fixed boundary where they will reflect off of each other with equal
sign and amplitude. This forces the wave to traverse each rod after the primary rod a total of four
times before returning to the strain gage on the primary rod.
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5.3.5

Future Works
These preliminary findings explored many different possibilities with wave shaping using

the millipede bar compact waveguide. Many of these findings show promise to added benefit in
various applications for the millipede bar, but they also open the door for many discoveries to be
made. A few of these opportunities are highlighted by the following:
•

Producing a working prototype of this reactionary mass placement to validate the
finite-element findings.

•

Reproducing experimentally the strain rate jumps shown in the finite element
simulations.

•

Analyzing multi-wave interactions within compact stress waveguides when
asymmetry is introduced.

•

Describing the shear reflections created from the mixed boundary condition
millipede bar simulations.

•

Reproducing experimentally simulations also need to be experimentally validated.
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5.4

Implications of Dispersion in Compact Waveguides
Many prior works have identified the effects of dispersion in solid media [70], [71].

These have led to an understanding of how non-sinusoidal waves break into components of
varying frequencies which travel at different speeds. This effect has been further studied in the
world of dynamic mechanical testing with SHPB systems [72]–[74] especially those that use
viscoelastic bars [75], [76]. Through this research, it is well known that the effects of dispersion
depend on the geometry of the medium’s cross section [70], [71], [76], [77].
By nature, the design of a compact waveguide has internal variance in geometric crosssections. Many findings within this work have shown that there is a difference in frequencies that
exist beyond the first pass or primary rod in a waveguide. For examples of this in explicit finite
element simulations, see Figures 2.3, 2.7, 2.8, 2.9, and 5.4. To see this in experiments, see
Figures 2.11 and 3.5. In each of these results, there is a drop in frequency for the wave as it
enters into the second pass.
The effect of dispersion is dependent on the ratio of wave length to average distance the
wave can travel perpendicular to the wave’s propagation direction. This is most commonly
simplified for solid cylindrical rods to be the ratio of wave length to rod diameter. The
perpendicular parameter is different when the cross-section changes from solid to hollow, and
the distance needed for the wave to travel is much longer. The next steps forward with compact
stress waveguide analysis would be to study and characterize the frequency change from one
pass to the next and to understand what role dispersion plays.
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5.5
5.5.1

Other Mechanical Testing Applications for Compact Stress Waveguides
Dynamic Hardness Indentation
As the interest in dynamic mechanical properties such as yield strength and ductility

found by destructive means rises, research in non-destructive, dynamic testing methods has risen
as well. One of the most common and popular non-destructive mechanical tests is the hardness
and micro-hardness indentation testing. Traditionally, these tests are performed at quasi-static
rates, yet they serve as a popular means of quality control of many produced materials and parts.
Recently, work has been done to develop an accurate method for obtaining hardness
values for materials [68], [69]. Figure 5.12 shows a schematic for using a modified SHPB system
as a system for finding hardness values of materials at high strain rates. In this set up, the
transmission bar is replaced with a rigid mass, and the entirety of the stress wave entering the
indenter tip and specimen is characterized via a strain gage located on the incident bar.

Figure 5.12

Schematic for obtaining dynamic hardness values.

Modified SHPB used to obtain hardness values within the high-strain-rate regime. Taken from
[68].
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With this setup, the allowable indentation depth and strain rate are limited to the length of
the striker bar used. An immediate impact to this field could be made by replacing the striker bar
with a compact waveguide to generate a longer wave to indent the specimen. The millipede bar
also allows for momentum trapping and pulse width selection (see Section 5.3) which can
remove double hits on the hardness specimen as well as variable strain rates.
5.5.2

Compact Ultrasonic and Sonic Fatigue Testing
The overwhelming majority of compact waveguides are designed for steady-state natural

frequency operation [78], [79]. In stress wave guides, there are several uses for ultrasonic and
sonic horn waveguides for fatigue testing machines, ultrasonic welding machines, and ultrasonic
communication devices, just to name a few [80]–[85]. In all applications, component and system
size plays a major lower frequency constraint in design. As an example, in ultrasonic fatigue
testing, the acoustic horn can be several meters in length when desired frequencies of operation
are in the 100 Hz to 1 kHz regime, yet compact horn wave guides can overcome this lower
frequency limit with relative ease. Figure 5.13 shows a typical ultrasonic fatigue testing horn.

Figure 5.13

Typical ultrasonic fatigue horn schematic.

Schematic of typical ultrasonic fatigue testing horn taken from ASM handbook 8 [52].
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5.6

Other Applications of Compact Stress Waveguides
The current state-of-the art in impact tools and devices consider energy and momentum

equations, as well as the material strength and ductility metrics for failure analysis. However,
many designs don’t consider stress wave propagation effects (impedance, pulse duration, timing,
etc.) on impact events; mainly, since anvil and hammers tend to be driven by cost-effective
materials with high densities and high strength, devices and tools have been designed around
these constraints. However, with the ability to tailor the stress wave mechanics without
scarifying the material performance needed in these devices, there is considerable untapped
opportunity in the bulk of these tools and devices to reduce size, weight, vibration, and energy
and power consumption for a given application
Regarding impact tools, jackhammers can immediately utilize compact stress waveguides
to trade excessive impedance of anvils (striker bars) for longer duration pulse lengths. By
tailoring the impedance, pulse duration trade-off, optimization of the pulse magnitude, shape,
and length can be tailored to the strain rate dependent fracture response of the construction
workpieces; construction materials, such as concrete, are known to be highly strain rate sensitive
[86]–[88]. A schematic of a jackhammer, highlighting the anvil, is shown in Figure 16. Note that
this component can be a key factor in tool optimization for future designs.
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Figure 5.14

Schematic of a jackhammer tool to penetrate concrete.

Schematic of a jackhammer design made for analyzing high strain rate deformation of rock [88].
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A.1

Background
In mechanical testing, determination of the stress-strain response of a material is a

fundamental requirement to assess the suitability of a material for an engineering application.
However, this stress-strain response for most materials is strain-rate dependent where the strain
rate is defined as the strain accumulated in the test divided by the time duration over which the
strain is accumulated. Quasistatic or low strain rate deformation (e.g., up to 10-2/s) tests are used
for many engineering applications. There are also numerous applications (such as crash
worthiness of vehicles, impact, ballistics, high speed machining) where high strain rate response
(e.g., above 103/s) of a material is needed so that the suitability of a material can be assessed.
Servo hydraulic machines can be supplied for quasistatic testing. To test materials in the
high-intermediate range (e.g., 102/s -103/s) to high range (e.g., 103/s-104/s), a split Hopkinson
pressure bar (SHPB) apparatus is often used. However, these machines cannot test materials in
the low-to-intermediate strain-rate range of 10-1/s - 102/s. For example, a SHPB test method uses
1-dimensional (1-D) stress wave propagation principles to determine stress-strain response of a
material. To achieve this 1-D condition in the test procedure, the equipment is designed to have
long rods whose lengths (L) are larger than their diameters(D). The SHPB has two axially
aligned long rods and a projectile launcher. A specimen is held between the two rods and the
projectile launcher propels a short rod toward the long rods. The impact generates a 1-D stress
wave in the rods. In most of the laboratories, bars typically have lengths between two and three
meters (2m-3m) and diameters between six and twenty-five millimeters (6mm-25mm). This
makes the total length of the equipment to be about ten meters (10m). Longer length SHPB
apparatuses are used to achieve strain rates below 102/s. A longer rod can accommodate a longer
duration stress wave and hence a lower strain rate can be achieved during the test. However, this
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adds to the capital requirement into several tens of thousands of dollars and requires several tens
of meters of length in floor space.
A.2

Brief Description of the Drawings
Many aspects of the present disclosure are better understood with reference to the

following drawings. The components in the drawings are not necessarily drawn to scale, with
emphasis instead being placed upon clearly illustrating the principles of the disclosure. In the
drawings, like reference numerals designate corresponding parts throughout the several views.
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Figure A.1

Compact stress waveguide functionality.

Example compact stress waveguide and a graph of stress measurements according to the present
disclosure.
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Figure A.2

Example of a compact stress waveguide.

(a) Illustrates another example compact stress waveguide according to the present disclosure.
(b) Illustrates a front facing view of the example compact stress waveguide of (a),
according to the present disclosure.
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Figure A.3

S-Shaped compact stress waveguide example.

Illustrates views of another example compact stress waveguide according to the present
disclosure.
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Figure A.4

Thirty-one pass compact stress waveguide example.

Illustrates isometric views of another example compact stress waveguide according to the present
disclosure.
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Figure A.5

Example of a tool that could use a compact stress waveguide.

Illustrates a tool that includes a compact stress waveguide according to the present disclosure.
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Figure A.6

Another example of a tool that could use a compact stress waveguide.

Illustrates another tool that includes another compact stress waveguide according to the present
disclosure.
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Figure A.7

Flowchart showing the functionality of a compact stress waveguide.

Illustrates a flowchart of the operation of a tool that includes a compact stress waveguide
according to the present disclosure.

A.3

Detailed Description
The present disclosure relates to a compact stress waveguide. Quasistatic or low strain

rate deformation (e.g., up to 10-2/s) tests are used for many engineering applications. There are
also numerous applications (such as crash worthiness of vehicles, impact, ballistics, high speed
machining) where high strain rate response (e.g., above 103/s) of a material is needed so that the
suitability of a material can be assessed. To test materials in the high-intermediate range (e.g.,
102/s -103/s) to high range (e.g., 103/s-104/s), a split Hopkinson pressure bar (SHPB) apparatus
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can be used. However, these machines cannot test materials in the low-to-intermediate strainrate range of 10-1/s - 102/s.
For example, a SHPB test method uses 1-dimensional (1-D) stress wave propagation
principles to determine stress-strain response of a material. To achieve this 1-D condition in the
test procedure, the equipment is designed to have long rods whose lengths (L) are much larger
than their diameters(D). The SHPB has two long rods and a projectile launcher. A specimen is
held between the two axially aligned rods and the projectile launcher propels a short rod toward
the long rods. The impact generates a 1-D stress wave in the rods. In most of the laboratories,
bars can have lengths between two and three meters (2m-3m) and diameters between six and
twenty-five millimeters (6mm-25mm). This makes the total length of the equipment to be about
ten meters (10m). Longer length SHPB apparatuses are used to achieve strain rates below 102/s.
A longer rod can accommodate a longer duration stress wave and hence a lower strain rate can
be achieved during the test. However, this adds to the capital requirement into several tens of
meters of length in floor space, which can be space and cost prohibitive.
The present disclosure describes mechanisms that provide for a compact waveguide
technology that can accommodate longer duration stress waves and lower strain rates in a much
smaller form factor than existing technologies. This compact waveguide can meet the demand
for testing materials in the strain rate range of 10-1/s to 102/s (and widened ranges including
higher and lower strain rates) without the need for huge capital or space requirements. The
present disclosure also enables a single compact stress waveguide to be configured to provide a
wide range of different strain rates that would traditionally require multiple different bars of
differing lengths to achieve.
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A folded-bar design of a compact stress waveguide (instead of one long bar in a single
line) can be used to accommodate any length incident stress wave in a compact waveguide form.
A compact waveguide can include a waveguide that has an acoustic length that is at least an
integer multiple (e.g., >2) of its physical length, such as an acoustic length that is more than
twice its physical length, and far greater. Examples described explicitly include waveguide with
acoustic length 79 times its physical length, and much greater multiples can be achieved through
the mechanisms and principles described.
The folded-bar design can be referred to as a “Millipede Hopkinson Bar”, or
“multidimensional Hopkinson Bar” because one can have any number of folds in multiple
dimensions to accommodate a long stress wave thus achieving the desired strain rate in the low
intermediate strain rate range of 10-1/s to 102/s, and any desired range. Depending on the area of
cross section and length of each bar this design can be accommodated in a small area. In some
cases, for each length of bar of the folded bar, its length can be greater than its width. For
example, a length to width (L/W) or length to diameter ratio (L/D) can be greater than one,
greater than or equal to two, greater than or equal to five, greater than or equal to ten, and greater
than or equal to twenty can be chosen depending on design parameters to obtain one
dimensional stress wave propagation characteristics. The folded bar design can use lengths of
bar in multiple dimensions. The lengths of bar can be parallel lengths of bar connected using
branches and/or corners.
Figure A.1 shows a compact stress waveguide 100 as well as a graph 101 of stress
measurements over time. The compact stress waveguide 100 can include a primary or center bar
103 that branches symmetrically into two branches. Each branch can include a series of bars that
is symmetrical with the other branch, and can have a serpentine shape connected using
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connection joints or connection points at alternating ends. This can be a two-dimensional
branching compact stress waveguide that includes bars or lengths that are symmetrical about one
plane of symmetry. Each bar in the series can be noncollinear and nonconcentric with the center
bar 103. Each bar can be parallel to the center bar 103.
A first branch can include the lengths of bar or bars 106a, 109a, 112a, and 115a. The
bars 106a, 109a, 112a, and 115a can be parallel to the center bar 103. A second branch can
include bars 106b, 109b, 112b, and 115b. The bars 106b, 109b, 112b, and 115b can be parallel
to the center bar 103 and symmetrical with the bars 106a, 109a, 112a, and 115a. In some
examples, each of the bars 106a, 109a, 112a, and 115a, and the bars 106b, 109b, 112b, and 115b
can have a length to width ratio chosen to obtain one dimensional stress wave propagation
characteristics.
A sum of the impedances of the mirrored branches from the center bar 103 can be
equivalent to an impedance of the center bar 103. This branch impedance matching can be
achieved in a number of manners. For example, where a single material is used for the center bar
103 and all branches, the sum of the cross-sectional areas of the branches can match a crosssectional area of the center bar 103. However, different materials can be used, with different
cross-sectional areas and different materials that are selected to ensure that a sum of the branch
impedances is equivalent to the impedance of the center bar 103. As can be seen, the center bar
103 branches into the bars 106a and 106b. When the primary or center bar 103 impacts, or is
impacted, at a proximal end to an impact point, a wave propagating in the center bar 103
branches into bars 106a and 106b that branch at its distal end from the impact point.
The distal end of the center bar 103 can branch into the bars 106a and 106b using a
branching connection point or branching point. The branching point 118, which can be attached
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to the center bar 103 and the bars 106a and 106b by welding, mechanical fit, bonding materials
such as glue or epoxy, screwed connection, threaded connection, press fit, forging, frictional
welding, and/or any other mechanical connection. In some cases, the center bar 103, the bars
106a and 106b, and the branching point 118 can be part of a singular object rather than multiple
components, such as a 3D printed object, a molded object, or another singular object along with
the other bars of the compact stress waveguide 100. The bar 106a can be attached to the bar
109a by a connection point that is attached by welding, mechanical fit, bonding materials such as
glue or epoxy, screwed connection, threaded connection, press fit, forging, frictional welding,
and/or any other mechanical connection. Since no branching occurs at this connection point, the
bar 106a can have a same impedance as the bar 109a, as well as a same cross-sectional area the
materials are the same. The other connection points in the upper and lower branches can also be
described in this manner, as can be understood.
Since the compact stress waveguide 100 can be manufactured out of flat (e.g., square
rectangular cross section) bars, the boundary conditions at the connection points can be
optimized to increase performance. However, the compact stress waveguide 100 can be
manufactured out of bars having any cross-sectional shape, such as circular, triangular,
rectangular, pentagonal, hexagonal, and so on. Ideal boundary conditions can include fixing the
bottoms (and/or tops) of all passes in the vertical direction. Quarter symmetry can be assumed.
Some systems and implementations can include the shown lubricated or unlubricated roller
bearings to ensure a stiff boundary that minimizes or reduces frictional losses as the wave passes
through each connection point and each pass. Roller bearings can be included on each pass or
bar, as well as along square or rounded connection points, in order to minimize frictional losses
as well as to ensure uniaxial motion (along the length) of the particles during the wave
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propagation. Some implementations can include lubricated shims (e.g., using lubricating
powder) to reduce frictional losses, in addition to or rather than roller bearings.
A tool or system that uses the compact stress waveguide 100 can include a sensor 121a
on the center bar 103. This sensor 121a can be used to detect and monitor a waveform of a wave
propagating in the compact stress waveguide 100. In some cases, only a single sensor 121a is
used for waveform detection. In other cases, the sensors 121b, 121c, 121d, and 121e can be
included. The graph 101 shows, based on explicit finite element analysis, the propagation of a
square wave through each of the passes of the compact stress waveguide 100. The graph shows
stress waveforms based on the sensors 121a, 121b, 121c, 121d, and 121e in the compact stress
waveguide 100 over time. The stress waveforms are coded according to the respective patterns
indicated on the sensors 121a, 121b, 121c, 121d, and 121e. The sensors can include any device
and method of detecting the propagation of a waveform such as a square wave through the
compact stress waveguide 100. This can include optical, piezoelectric, laser, vibration,
accelerometer, contact, non-contact, electrical, opto-electrical, and other types of sensor devices.
The compact stress waveguide 100 can also include a number of momentum traps 151,
154a, 154b, 157a, 157b, 160a, and 160b. The momentum traps can be used to tune the compact
stress waveguide 100 to a desired propagation length. For example, the physical length of each
of the center bar 103, and the branch bars 106a, 109a, 112a, and 115a, 106b, 109b, 112b, and
115b can be L, for the purpose of illustration. In this case, if the momentum trap 151 is activated
then a total effective acoustic length of the compact stress waveguide 100 for propagation can be
L.
If instead the momentum traps 154a and 154b are activated, then the total effective length
of the compact stress waveguide 100 can be 2L, since the waveform can propagate from the
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impact point, through the center bar 103, and then concurrently through both bars 106a and 106b.
Since the waveform can be split through branches corresponding to bars 106a and 106b, which
together match the impedance of the center bar 103, the time for the waveform to propagate and
reflect within the compact stress waveguide 100 can be effectively the same as a single bar of
length 2L.
In an example where the momentum traps 157a and 157b are activated, then the total
effective length of the compact stress waveguide 100 can be 3L, since the waveform can
propagate from the impact point, through the center bar 103, and then concurrently through
branches corresponding to bars 106a-109a and 106b-109b. In an example where the momentum
traps 160a and 160b are activated, then the total effective length of the compact stress waveguide
100 can be 4L, since the waveform can propagate from the impact point, through the center bar
103, and then concurrently through branches corresponding to bars 106a-112a and 106b-112b. If
all momentum traps are deactivated, the total effective length of the compact stress waveguide
100 can be 5L. The two parallel bars 106a and 106b can be considered a single “pass” that
provides 1L additional effective acoustic length, since a wave propagating through the compact
stress waveguide 100 can pass through the two parallel bars 106a and 106b concurrently, and the
sum of their impedances is equivalent to that of the center bar 103. If each of the parallel bars
115a and 115b were to branch vertically or into and out of the figure in the orientation shown,
then the sum of the sub-branches impedances can be equivalent to the impedance of each of the
bars 115a and 115b. Each of the branch bars 115a and 115b has one-half of the impedance of the
center bar 103. As a result, four parallel bars of sub-branches can be equivalent to a single pass
that provides 1L additional effective acoustic length, since each of the four sub-branches from
the branch bars 115a and 115b has one fourth of the impedance of the center bar 103.
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As can be seen, a tool that utilizes the compact stress waveguide 100 can be much more
compact than a standard Hopkinson bar, while also having far greater adjustability than existing
tools. While the momentum traps can be activated symmetrically about the axis or plane of
symmetry through the center bar 103, it is also possible to asymmetrically activate the
momentum traps in order to provide unique asymmetrical effects to waveform propagation.
Figure A.2a shows a compact stress waveguide 200, which can be a three-dimensional
branching compact stress waveguide that includes bars or lengths that are symmetrical about two
planes of symmetry 203 and 206. The planes of symmetry 203 and 206 can be perpendicular to
each other.
The compact stress waveguide 200 can also include a multi-dimensional symmetrical
branching and impedance-matched series of bars that branches a center bar along a first plane of
symmetry 203 at a branching point. The sum of the impedances (and cross-sectional areas where
a single material is used throughout) of the mirrored branches 209a and 209b (e.g., left and right
branches in the orientation shown) from the center bar can be equivalent to the impedance (and
cross-sectional area where a single material is used throughout) of the center bar. The serpentine
shape can include a number of lengths that are aligned perpendicular with the center bar on a
second plane of symmetry 206 that is perpendicular to the first plane of symmetry 203. In some
examples, each of the mirrored branches can include a noncollinear, nonconcentric serpentine
shape that is noncollinear and nonconcentric with respect to the center bar.
Each of the mirrored branches 209a and 209b can itself branch at branching points into
two mirrored sub-branches, where the sum of the impedances of the mirrored sub-branches can
be equivalent to the impedance of a single one of the mirrored branches from the center bar. For
the purpose of illustration, the branching point 212 shows how the branch 209b branches
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vertically into two mirrored serpentine sub-branches. In some examples, each of the mirrored
sub-branches can include a noncollinear, nonconcentric serpentine shape that is noncollinear and
nonconcentric with respect to the center bar and with respect to the branch 209b. The path of the
branches and sub-branches is described in greater detail with respect to Figure A.2b. The sub
branches can include a number of lengths that are aligned perpendicular with the center bar and
on at least one plane that is parallel to one or more of the first plane of symmetry 203, and the
second plane of symmetry 206. The branching design of the compact stress waveguide 200 that
is shown includes 79 passes but any number of passes and any number of parallel bars can be
used. The architecture shown can achieve, in one scale of this example structure, an equivalent
acoustic length of 11.85 meters while having a physical length of 0.15 meters. In other words,
the acoustic length is 79 times its physical length.
Figure A.2b shows a front view of the compact stress waveguide 200 of Figure A.2a.
This figure provides additional details of the structure of the 79 passes of the compact stress
waveguide 200. Each of the passes is identified numerically. For example, the center bar is
labelled (1) and can be considered a first “pass” or first equivalent acoustic length of the compact
stress waveguide 200.
The center bar (1) can split at a branching point at its distal end into two branch bars (2).
Each of the branch bars (2) can be half the impedance of the center bar (1). The two branch bars
(2) can together be considered a second pass of equivalent acoustic length of the compact stress
waveguide 200. Each of the branch bars (2) can be connected at respective connection points
215a and 215b to the two branch bars (3). The branch bars (3) can have the same impedance as
the branch bars (2). Again, the branch bars labelled (3) can be half the impedance of the center
bar (1). The two branch bars labelled (3) can together be considered a third pass of equivalent
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acoustic length of the compact stress waveguide 200. Each set of the branch bars (or first-order
branch bars) labelled (2)-(11) can refer to a set of two bars that can be summed up to the
impedance of the center bar (1).
Each of the branch bars (11) can split at a branching point into two sub-branch bars (12).
Each of the sub-branch bars (12) can be half the impedance of the branch bars (11), and a quarter
of the impedance of the center bar (1). As a result, the four sub-branch bars (12) can together be
considered a twelfth pass of equivalent acoustic length of the compact stress waveguide 200.
Each set of four sub-branch bars (or second-order branch bars) (12)-(79) can refer to a set of four
bars that can be summed up to the impedance of the center bar (1). The sub branch bars (12)(79) can be connected using non-branching points in this example. However, where additional
branching points are used, the resulting nth-order branch bars can be 1/2n the impedance of the
center bar (1), and 2n third-order branch bars can be considered a single pass of equivalent
acoustic length as that of the center bar (1). As can be seen, each set of bars (2)-(79) is
impedance-matched to the center bar (1). As a whole, the sets of bars can be considered an
impedance-matched series of secondary bars since each set of bars in the series can be
impedance matched to the primary center bar.
The compact stress waveguide 200 can include all of the features discussed with respect
to the compact stress waveguide 100, such as shims, bearings, momentum traps, sensors, and so
on. While a particular branching shape and symmetry is shown for the compact stress
waveguide 200, any branching shape can be formed with fewer or more branching locations as
can be understood. While the symmetry of the compact stress waveguide 200 is symmetrical
about a particular plane, other symmetrical and asymmetrical arrangements can be formed. For
example, three (or any number) of symmetrical or asymmetrical branches can branch from a
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center or primary bar, where a sum of impedances of the three branches is equivalent to that of
the primary bar. Non-branching folded bar shapes can also be formed using the concepts
described with respect to Figure A.3.
Figure A.3 shows a compact stress waveguide 300. Figure A.3 includes a side view 303
and an isometric view 306 of the compact stress waveguide 300. The compact stress waveguide
300 includes 5 passes in a compact non-branching and asymmetrical folded bar shape. Each of
the passes is identified numerically. For example, the center bar is labelled (1) and can be
considered a first “pass” or first equivalent acoustic length of the compact stress waveguide 400.
The center bar (1) can be joined at a first connection point at its distal end that connects to a bar
(2) that is impedance matched with the center bar (1). The bar (2) can be joined to a bar (3)
using a second connection point at an alternate or opposite end from the first connection point.
Bar (3) can be impedance matched to bar (2) as well as the center bar (1). This pattern can
continue for the impedance-matched set of bars labelled (2)-(5). The compact stress waveguide
300 can include all of the features discussed with respect to the compact stress waveguide 100,
such as shims, bearings, momentum traps, sensors, and so on. For example, these features can be
used to compensate for the moment and/or deflection caused by propagation of a wave through a
connection point of the compact stress waveguide 300.
Figure A.4 shows a compact stress waveguide 400. The compact stress waveguide 400
includes 31 passes. Each of the passes is identified numerically. For example, the center bar is
labelled (1) and can be considered a first “pass” or first equivalent acoustic length of the compact
stress waveguide 400. The compact stress waveguide 400 can include a strain gauge sensor or
another type of sensor 403, which can detect waveform propagation and reflection time in order
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to identify strain measurements and other measurements based on resonance and wave
propagation.
The center bar (1) can split at a branching point at its distal end into two branch bars (2).
Each set of the branch bars labelled (2)-(7) can refer to a set of two bars that can be summed up
to the impedance of the center bar (1). Each of the branch bars (7) can split at a branching point
into two sub-branch bars (8). Each of the sub-branch bars (8) can be half the impedance of an
individual one of the branch bars (7), and a quarter of the impedance of the center bar (1). Each
set of four sub-branch bars (8)-(31) can refer to a set of four bars that can be summed up to the
impedance of the center bar (1). The sub branch bars (12)-(79) can be connected using nonbranching points in this example.
Momentum traps can be activated to provide a desired acoustic length. Activating a set
of momentum traps located at branch bars (2), such as at the connection point between (2) and
(3) can provide an acoustic length of 2L, or two passes. Activating a set of momentum traps
located at branch bars (4), such as at the connection point between (4) and (5) can provide an
acoustic length of 4L, or four passes. Activating a set of momentum traps located at branch bars
(6), such as at the connection point between (6) and (7) can provide an acoustic length of 6L, or
six passes. Activating a set of momentum traps located at branch bars (14), such as at the
connection point between (14) and (15) can provide an acoustic length of 14L, or 14 passes.
Activating a set of momentum traps located at branch bars (24), such as at the connection point
between (24) and (25) can provide an acoustic length of 24L, or 24 passes. Activating a set of
momentum traps located at branch bars (230), such as at the connection point between (30) and
(31) can provide an acoustic length of 30L, or 30 passes. No momentum traps can provide an
acoustic length of 31L, or 31 passes. Other locations for momentum traps can be activated as
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can be understood. Momentum traps can be located on either end or both ends of the compact
stress waveguide 400. In some cases, one or more momentum traps can be adjustable, and can
be configured to move to a particular location in order to select and set a desired acoustic length.
Figure A.5 shows a side view and an isometric view of a tool 500 that utilizes a compact
stress waveguide as discussed. The tool 500 can include a handheld or otherwise mobile
hardness tester or another tool. The tool 500 can include a waveguide assembly 503 comprising
a shell, a slip housing 506, a waveguide actuator 509, and a compact stress waveguide 512. The
tool 500 can also include an indenter 515, a load cell 518, and one or more adjustable or
configurable momentum trap 521. The tool 500 can be used to test hardness or another property
of a material or specimen. Traditional hardness testing includes table top machines and handheld devices that perform indentation tests at slow speeds within the quasi-static regime. In
order to increase the speed at which these machines can operate, they need a load cell that can
measure longer waves. Using a compact stress waveguide 512 based on the principles described
herein can provide a tool 500 that is greatly reduced in length even to the size of a handheld
instrument.
Figure A.6 shows a compact stress waveguide 600. This figure shows that these concepts
can be extended to for design of many mechanical testing apparatuses in different areas including
uniaxial tension and compression. For example, the compact stress waveguide 600 can be used
for ultrasonic fatigue testing.
Ultrasonic fatigue testing can utilize amplification horns which transfer large forces
which have small displacements to small forces with large displacements with a gradual
reduction in area and/or change of material to vary impedance along axial length. The frequency
at which these ultrasonic fatigue testers can operate can be limited to the length of this horn or
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bar. The compact stress waveguide 600 includes successive impedance and/or cross-sectional
area changes along axial lengths of bars in a number of levels.
The design of the compact stress waveguide 600 can be in a single plane as shown in the
planar 2-fold design 603 with 2 bars per level. However, the concepts described can be extended
to a non-planar 2-fold design where each successive level is rotated to reduce the maximum
distance between horns. A 3-fold placement design 606, a 4-fold design, or any design can be
formed with any number of waveguides or bars per level, depending the availability of space and
the design requirements.
A first level with one or more bars 612 can reduce in cross-sectional area (and thereby
vary in impedance) from a first side 615 to a second side 618, between a first platform a second
platform. The sum of the impedances (and cross-sectional areas where a same material is used)
of the second side 618 of the bars 612 of the first level can be the same as a sum of the
impedances (and cross-sectional areas where a same material is used) of a first side of a second
level with one or more bars 621. The reduction horns 621 can reduce in cross-sectional area (and
thereby vary in impedance) between the second platform and a third platform, and so on.
Figure A.7 shows a flowchart 700 that describes functionalities for providing
measurements using a tool that uses a compact stress waveguide such as those described in
Figures A.1-A.6. While the steps of the flowchart 700 can be referred to as performed by a
measurement controller device, certain aspects of the flowchart 700 can be performed using
other components. Segmentation and arrangement of the order of the steps are by way of
example. The steps can be performed in another order, scrambled relative to one another in any
sequence and/or concurrently with any level of timing overlap as can be understood.
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In step 703, the measurement controller device can configure a compact stress waveguide
to have a desired acoustic length. For example, a user can specify a desired acoustic length, and
the measurement controller device can generate a control signal that controls a set of one or more
momentum traps. In other examples, the momentum trap can be physically moved into place by
the user by physical manipulation of the tool.
In step 706, the measurement controller device can detect and monitor the effects of a
waveform propagating in a compact stress waveguide. For example, a sensor device on the tool
can identify the effects of the waveform, and provide waveform parameters to the measurement
controller device over time.
In step 709, the measurement controller device can map the waveform parameters to a
measurement. For example, an analysis of the timing and magnitude of the waveform over time
can be correlated to a particular measurement or measured value. The analysis can include
comparing the waveform parameters to a table or another data structure that identifies the
measurement. The analysis can also include providing the waveform parameters or values as
inputs to an algorithm that identifies the desired measurement.
In step 712, the measurement controller device can provide an indication of the
measurement. For example, the measurement controller device can cause a display of the tool to
show the measurement. The measurement controller device can cause the tool to generate a
sound, or a sound of a particular tone that indicates a particular measurement. The measurement
controller device can cause the tool to illuminate a light that is correlated to a particular
measurement. The measurement controller device can also include a physical or wireless
electronic connection through which the tool can transmit or otherwise provide an indication of
the measurement.
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Although the functionalities, services, programs, and computer instructions described
herein can be embodied in software or code executed by general purpose hardware as discussed
above, as an alternative the same can also be embodied in dedicated hardware or a combination
of software/general purpose hardware and dedicated hardware. If embodied in dedicated
hardware, each can be implemented as a circuit or state machine that employs any one of or a
combination of a number of technologies. These technologies can include, but are not limited to,
discrete logic circuits having logic gates for implementing various logic functions upon an
application of one or more data signals, application specific integrated circuits (ASICs) having
appropriate logic gates, field-programmable gate arrays (FPGAs), or other components, etc.
Such technologies are generally well known by those skilled in the art and, consequently, are not
described in detail herein.
Although flowcharts can show a specific order of execution, it is understood that the
order of execution can differ from that which is depicted. For example, the order of execution of
two or more blocks can be scrambled relative to the order shown. The flowcharts can be viewed
as depicting an example of a method implemented by a computing device. The flowchart can
also be viewed as depicting an example of instructions executed in a computing device. Also,
two or more blocks shown in succession can be executed concurrently or with partial
concurrence. Further, in some embodiments, one or more of the blocks shown can be skipped or
omitted. In addition, any number of counters, state variables, semaphores, or warning messages
might be added to the logical flow described herein, for purposes of enhanced utility, accounting,
performance measurement, or providing troubleshooting aids, etc. It is understood that all such
variations are within the scope of the present disclosure.
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Also, the functionalities described herein that include software or code instructions can
be embodied in any non-transitory computer-readable medium, which can include any one of
many physical media such as, for example, magnetic, optical, or semiconductor media. More
specific examples of a suitable computer-readable medium would include, but are not limited to,
magnetic tapes, magnetic floppy diskettes, magnetic hard drives, memory cards, solid-state
drives, USB flash drives, or optical discs. Also, the computer-readable medium can be a random
access memory (RAM) including, for example, static random access memory (SRAM) and
dynamic random access memory (DRAM), or magnetic random access memory (MRAM). In
addition, the computer-readable medium can be a read-only memory (ROM), a programmable
read-only memory (PROM), an erasable programmable read-only memory (EPROM), an
electrically erasable programmable read-only memory (EEPROM), or other type of memory
device.
Further, any logic or functionality described herein can be implemented and structured in
a variety of ways. For example, one or more applications described can be implemented as
modules or components of a single application or set of instructions. Further, one or more
instructions described herein can be executed in shared or separate computing devices or a
combination thereof.
The above-described examples of the present disclosure are merely possible examples of
implementations set forth for a clear understanding of the principles of the disclosure. While
aspects and figures are provided for clarity of discussion, it is understood that the concepts
described with respect to a particular figure or context can be utilized and combined with the
concepts described with respect to the other figures and contexts. These variations and
modifications can be made without departing substantially from the principles of the disclosure.
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All such modifications and variations are intended to be included herein within the scope of this
disclosure and protected by the following claims.
A.4

Claims
Therefore, the following is claimed:
1.

A compact waveguide, comprising: a primary bar; and an impedance-matched
series of secondary bars that is impedance-matched with the primary bar at a
connection point that joins at least one secondary bar of the impedance-matched
series of secondary bars to the primary bar, wherein a total impedance of the at
least one secondary bar is equivalent to an impedance of the primary bar at the
connection point, and wherein the at least one secondary bar is noncollinear and
nonconcentric with the primary bar.

2.

The compact waveguide of claim 1, wherein the connection point is a branching
connection point, the at least one secondary bar comprises a plurality of branch
secondary bars that branch from the primary bar at the branching connection
point, and the total impedance is a sum of impedances corresponding to the
plurality of branch secondary bars at the branching connection point.

3.

The compact waveguide of claim 2, wherein the plurality of branch secondary
bars are first-order branch secondary bars, and at least one of the first-order
branch secondary bars branches into a plurality of second-order branch secondary
bars at a corresponding at least one second-order branching connection point of
the impedance-matched series of secondary bars, wherein a sum of impedances of
the plurality of second-order branch secondary bars is equivalent to a respective
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impedance of a respective one of the at least one of the first-order branch
secondary bars at the at least one second-order branching connection point.
4.

The compact waveguide of claim 1, wherein a particular secondary bar of the
impedance-matched series of secondary bars varies impedance along its axial
length, and has equal impedance to a secondary bar or a set of secondary bars that
is joined to the particular bar at a particular connection point.

5.

The compact waveguide of claim 1, wherein a respective secondary bar of the
impedance-matched series of secondary bars is parallel to the primary bar.

6.

The compact waveguide of claim 1, further comprising: at least one device that
monitors a square waveform that propagates in at least one bar of the primary bar
and the impedance-matched series of secondary bars.

7.

The compact waveguide of claim 1, further comprising: at least one momentum
trap that tunes the compact waveguide to have a desired acoustic length.

8.

The compact waveguide of claim 1, wherein a respective one of the primary bar
and the impedance-matched series of secondary bars has a length greater than its
width.

9.

A compact waveguide, comprising: a first at least one waveguide attached
between a first platform and a second platform, wherein a respective one of the
first at least one waveguide varies impedance along a first corresponding axial
length; a second at least one waveguide attached between the second platform and
a third platform, wherein a respective one of the second at least one waveguide
varies impedance along a second corresponding axial length, wherein the first at
least one waveguide is impedance matched to the second at least one waveguide
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at the second platform; and a primary waveguide that attaches from the third
platform to a test sample, wherein the primary waveguide varies impedance along
a third axial length, wherein the second at least one waveguide is impedance
matched to the primary waveguide at the third platform.
10.

The compact waveguide of claim 8, wherein the first at least one waveguide and
the second at least one waveguide are aligned in a single plane.

11.

The compact waveguide of claim 8, wherein the first at least one waveguide is
arranged in a circular pattern at a predetermined radius around the primary
waveguide.

12.

The compact waveguide of claim 8, wherein a count of the first at least one
waveguide is three or four.
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